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1.0  INTRODUCTION 

Critical  needs  for  propulsion,  materials,  and  structures  testing  dictate  high  pressures  and 
temperatures  not  attainable  by  conventional  means.  Arc  heaters  are  required  to  provide  the 
extreme  test  conditions  necessary  to  meet  these  critical  testing  needs.  Two  configurations  can 
produce  the  high-power  arc  heater  capability  required:  a  single  large  arc  or  a  multi-arc  configura¬ 
tion  based  on  manifolding  a  number  of  smaller  heaters  into  a  common  plenum.  Such  multi-arc 
configurations  can  be  a  convenient  route  to  high-power  heaters  (approximately  200  to  400  MW), 
but  at  the  cost  of  reduced  performance  because  of  additional  wall  cooling  losses.  A  multi-arc  con¬ 
figuration  may  be  an  effective  way  to  improve  flow  uniformity  of  both  enthalpy  and  pressure. 
The  mixing  of  the  effluents  of  separate  arc  heaters  in  a  single  plenum  may  dampen  flow-field 
fluctuations  because  oscillations  in  the  individual  arc  units  will  probably  be  totally  independent. 

Experirnents  were  performed  to  assess  the  effect  of  manifolding  arc  heaters  into  a  single  ple¬ 
num  on  flow  quality  and  heater  efficiency.  The  flow-field  steadiness  and  pressure  and  heat  flux 
profiles  were  quantified  for  various  arc  heater  manifold  configurations.  The  overall  heater  and 
manifold  thermal  efficiency,  along  with  the  manifold  mixing  efficiency,  were  also  evaluated.  The 
acquired  data  were  necessary  to  determine  if  manifolding  arc  heaters  is  a  viable  option  for  a 
driver  of  a  large  hypersonic  facility. 

The  manifold  experiments  were  performed  at  the  Aerospatiale  test  facilities  located  near 
Bordeaux,  France.  Aerospatiale  has  a  state-of-the-art  arc  heater  manifold  system  which  has  been 
in  operation  since  1979  and  is  the  only  manifold  arc  heater  facility  currently  in  operation.  The  JP- 
200  system  comprises  four  5-MW  Huels-type  arc  heaters  manifolded  into  a  single  plenum.  The 
Aerospatiale  facility  is  very  attractive  to  use  for  manifold  experiments  because  the  JP-200  is  a 
mature  system  with  a  history  of  reliable  operation.  A  single-arc  heater,  similar  to  one  of  the  JP- 
200  arc  heaters,  is  also  available  at  Aerospatiale.  The  single  heater  was  used  to  establish  baseline 
flow-field  and  heater  performance.  The  multi-arc  system  performance  was  then  compared  to  the 
single-arc  heater  performance  to  evaluate  the  improvement  in  flow-field  fluctuations  and  profile. 
The  overall  performance  of  the  single-arc  and  the  multi-arc  systems  was  also  evaluated,  along 
with  the  mixing  efficiency  of  the  manifold  system. 

2.0  APPARATUS 

Aerospatiale  Aquitaine  is  located  in  Saint-Medard-en-Jalles,  France,  15  km  northwest  of 
Bordeaux.  The  Aquitaine  plant  employs  approximately  1,700  people  whose  primary  activities  are 
devoted  to  the  development  of  missile  systems  for  the  French  Strategic  Nuclear  Force  and  Euro¬ 
pean  Space  Agency  programs.  The  plant  specializes  in  developing  high-temperature  composite 
materials  and  providing  test  facilities  to  evaluate  the  materials. 

Four  large  arc  facilities  (5-20  MW)  are  located  in  the  Aquitaine  plant’s  plasma  test  labora¬ 
tory.  Three  of  these  facilities  utilize  Huels-type  heaters,  and  the  remaining  facility  uses  the 
segmented-type  heater.  The  two  heaters  used  in  the  manifold  evaluation  test  effort  are  the  HP  sin¬ 
gle-arc  heater  and  the  JP-200  multi-arc  system.  Each  of  these  two  facilities  is  described  in  detail 
below. 
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2.1  HP  FACILITY 

The  HP  facility  (Fig.  1)  uses  a  single  9-MW  Huels-type  arc  heater  to  heat  air  and  expand  the 
flow  to  a  supersonic  free  jet  in  the  atmospheric  environment  of  the  test  building.  The  HP  facility 
is  primarily  used  for  high-pressure  testing,  generating  plasma  flows  with  a  total  pressure  up  to 
130  bar  with  run  times  up  to  60  sec.  It  has  been  in  operation  for  approximately  6  years,  mainly 
supporting  military  programs. 

2.1.1  Arc  Heater 

The  HP  arc  heater  is  shown  in  Fig.  2.  The  9-MW  Huels-type  arc  heater  consists  of  two  tubu¬ 
lar  electrodes  separated  by  an  air  injection  chamber.  A  coil  is  installed  around  the  upstream 
electrode  to  enhance  arc  rotation  and  attachment  location. 

Upstream  Electrode:  The  upstream  electrode  is  a  50-mm-ID,  450-mm-long  anode.  The 
electrode  liner  is  made  of  copper  and  is  backside  water  cooled. 

Magnetic  Coil:  The  magnetic  coil  around  the  upstream  electrode  is  shown  in  Fig.  3.  The 
coil  consists  of  six  rings  with  each  ring  consisting  of  two  axial  spirals  and  twenty  radial  spirals. 
Only  the  upstream  three  rings  are  powered.  The  inside  diameter  of  the  coil  is  216  mm,  and  the 
outside  diameter  is  600  mm.  The  coil  is  positioned  axially  on  the  anode  so  that  the  upstream  ring 
is  450  mm  from  the  downstream  lip  of  the  electrode  liner,  as  shown  in  Fig.  4. 

Air  Injection  Chamber;  The  air  injection  chamber  consists  of  32  sonic  air  injection  holes 
located  on  four  axial  rows  around  the  outer  wall  of  the  chamber.  The  air  injection  hole  locations 
are  shown  in  Fig.  5.  The  holes  are  drilled  at  an  angle  to  produce  a  swirl  in  the  heater  in  a  clock¬ 
wise  direction  looking  downstream.  Twenty-six  of  the  holes  have  a  minimum  injection  diameter 
of  0.7  mm,  and  6  holes  have  an  injection  diameter  of  0.8  mm,  giving  a  total  air  injection  area  of 
13.02  mm^.  All  of  the  0.8-mm  holes  are  located  on  the  upstream  row. 

Downstream  Electrode:  The  downstream  electrode  is  the  cathode  which  has  an  inside 
diameter  of  35  mm  and  a  inside  length  of  689  mm.  The  electrode  liner  is  made  of  copper  and  is 
backside  water  cooled.  The  cathode  is  electrically  grounded. 

2.1.2  Pressure  Ring  and  Nozzle 

Static  Pressure  Ring:  A  ring  is  installed  between  the  arc  heater  downstream  electrode  and 
the  nozzle  to  permit  a  static  pressure  measurement,  as  shown  in  Figs.  2  and  6.  The  internal  dimen¬ 
sions  of  the  pressure  ring  are  70  mm,  in  diameter  and  12  mm  long.  Since  the  pressure  ring 
diameter  is  twice  the  diameter  of  the  cathode,  there  is  a  step  change  from  the  cathode  to  the  pres¬ 
sure  ring.  Between  the  pressure  ring  and  the  nozzle  is  another  step  change  to  a  larger  diameter  of 
82  mm  for  a  length  of  only  2  mm,  as  shown  in  Fig.  6.  This  space  is  machined  into  the  upstream 
nozzle  flange  to  create  this  gap.  The  purpose  of  this  gap  is  unknown.  The  pressure  ring  cross-sec¬ 
tional  area  is  30.8  times  the  throat  area,  which  should  produce  a  low  velocity  at  the  pressure  ring 
and  provide  a  pressure  measurement  very  close  to  the  total  pressure. 
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Nozzle:  The  HP  nozzle  was  specially  designed  and  fabricated  for  this  test  and  is  shown  in 
Fig.  7.  The  detailed  design  specifications  are  presented  in  Ref.  1.  The  nozzle  has  a  throat  diame¬ 
ter  of  12.6  mm  and  an  exit  diameter  of  24.4  mm,  which  gives  a  Mach  number  of  approximately 
2.6  at  the  exit.  The  entrance  diameter  to  the  contoured  portion  of  the  nozzle  is  40  mm. 

2.1.3  Support  Systems 

Model  Injection  System:  The  HP  facility  has  a  rotary  model  injection  system  which  can 
accommodate  up  to  8  probes  or  models.  The  three  probes  used  for  this  test  were  installed  on 
arms  2,  3,  and  4  and  were  swept  across  the  flow  field  at  a  rate  of  1  m/sec.  The  radius  of  the  arms 
(from  the  center  of  the  probe  to  the  model  injection  system  axis  of  rotation)  is  395  mm. 

Probes:  Three  probes  were  used  to  evaluate  the  HP  flow  field;  two  pitot  pressure  probes 
and  one  heat  flux  probe.  The  two  pressure  probes  were  installed  on  the  model  injection  system 
arms  2  and  4  while  the  heat  flux  probe  was  installed  between  the  two  pressure  probes  on  arm  3. 
The  probes  are  swept  through  the  flow  twice  during  the  run,  forward  and  then  reverse.  The  first 
probe  enters  the  flow  on  arm  2  approximately  9  sec  after  start-up,  with  the  probes  on  arms  3  and 
4  being  swept  through  the  flow  at  12  and  15  sec,  respectively.  The  reverse  sweep  starts  with  the 
probe  on  arm  4  entering  the  flow  at  22  sec  into  the  run,  followed  by  the  probes  on  arms  3  and  2 
at  25  and  27  sec,  respectively.  The  probes  were  swept  through  the  center  of  the  nozzle  flow  at  an 
axial  location  no  more  than  5  mm  downstream  from  the  nozzle  exit. 

The  two  pressure  probes  provided  by  Aerospatiale  are  designed  as  shown  in  Fig.  8  and  use 
Kistler®  601-A  piezoelectric  transducers.  A  tube  1  mm  in  diameter  and  72  mm  long  leads  from 
the  probe  tip  to  a  cavity  with  a  volume  of  24  mm^  in  front  of  the  transducer.  Aerospatiale  calcu¬ 
lated  the  frequency  response  of  the  probe  to  be  450  Hz.  Pressure  probe  response  and 
instrumentation  details  are  available  in  Refs.  2  and  3. 

The  heat  flux  probe  is  a  sphere-cone  null  point  calorimeter  with  a  nose  radius  of  3.8  mm  and 
a  cone  half-angle  of  15  deg  as  shown  in  Fig.  9.  The  probe  was  fabricated  at  AEDC  to  Aerospa¬ 
tiale  specifications  using  a  Chromel®-Alumel  (type  K)  thermocouple.  The  measured  time 
response  of  the  probe  was  between  1  and  2  msec.  Two  parameters  are  recorded  versus  time  from 
the  heat  flux  probe:  (1)  temperature,  using  a  fifth-order  polynomial  for  type  K  thermocouples, 
and  (2)  heat  flux,  using  an  analog  signal  processor  which  solves  the  one-dimensional  heat  con¬ 
duction  equation  for  the  measured  temperature  history  of  the  probe. 

Cooling  Water  System:  Each  component  of  the  HP  arc  heater  is  individually  water  cooled 
by  a  closed-loop  cooling  water  system.  The  water  flow  rate  and  temperature  rise  for  each  compo¬ 
nent  are  recorded,  which  allows  the  calculation  of  an  energy  loss  for  each  component.  There  are 
five  separate  cooling  water  circuits  on  the  HP  heater:  upstream  electrode,  coil,  air  injection  cham¬ 
ber,  downstream  electrode,  and  nozzle,  as  shown  in  Fig.  10.  The  pressure  ring  does  not  have  a 
separate  circuit,  but  is  included  with  the  downstream  electrode. 

The  inlet  water  pressure  is  maintained  around  70  to  80  bar  with  a  total  flow  rate  through  the 
heater,  not  including  the  coil,  of  54. 1  1/sec.  The  coil  water  flow  rate  and  temperature  rise  were 
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not  recorded  for  this  study,  since  the  coil  is  powered  by  a  separate  power  supply  and  was  not 
included  in  the  energy  balance.  The  inlet  pressure  for  each  circuit  is  measured  downstream  of  the 
valve  (see  Fig.  10). 

The  water  flow  rate  is  determined  using  an  orifice  plate  located  on  the  downstream  side  of 
the  heater.  The  pressure  differential  is  measured  across  the  orifice,  and  the  water  flow  rate  is  cal¬ 
culated  from  knowledge  of  the  orifice  geometry. 

The  water  temperature  rise  is  determined  using  copper-constantan  thermocouples  config¬ 
ured  for  a  temperature  difference  measurement.  The  thermocouples  are  located  on  the  inlet  and 
outlet  sides  of  each  flow  circuit  and  electrically  connected  to  measure  the  water  temperature  rise. 

High-Pressure  Air  System:  A  400-bar  high-pressure  air  system  is  used  to  supply  approxi¬ 
mately  440  gm/sec  of  air  to  the  HP  heater  to  achieve  the  desired  test  conditions.  A  pressure  of 
120  bar  at  the  heater  air  injectors  is  required  to  meet  sonic  flow  conditions  through  the  injectors. 
The  air  flow  rate  is  determined  using  an  orifice  plate  and  measuring  the  differential  pressure 
across  the  orifice.  The  air  temperature  and  pressure  are  also  measured  to  use  in  the  flow  rate 
calculation. 

Instrumentation;  Instrumentation  used  on  the  HP  test  is  presented  in  Table  1.  Reference  3 
provides  additional  information  on  the  types  of  sensors  used  to  make  each  measurement,  along 
with  signal  conditioning  requirements,  calibration,  and  instrumentation  accuracy. 

Data  Acquisition:  Data  were  recorded  at  two  different  rates,  10  Hz  and  5  kHz.  All  of  the 
data  were  recorded  versus  time  with  time  equal  to  zero  set  approximately  3  sec  prior  to  arc  initia¬ 
tion.  The  parameters  recorded  at  a  rate  of  10  Hz  (data  point  every  0.1  sec)  are  arc  voltage,  arc 
current,  chamber  pressure  (anode  location),  static  pressure  (pressure  ring  location),  upstream  elec¬ 
trode  cooling  water  temperature  rise,  downstream  electrode  cooling  water  temperature  rise,  air 
injection  chamber  cooling  water  temperature  rise,  nozzle  cooling  water  temperature  rise, 
upstream  electrode  water  flow  rate,  downstream  electrode  water  flow  rate,  air  injection  chamber 
water  flow  rate,  nozzle  water  flow  rate,  air  flow  rate,  and  aerodynamic  (calculated)  total 
enthalpy.  The  parameters  recorded  at  5  kHz  (data  point  every  0.0002  sec)  are  arc  voltage,  cham¬ 
ber  pressure  (anode  location),  static  pressure  (pressure  ring  location),  pitot  pressure  probe  on  arm 
2,  pitot  pressure  probe  on  arm  4,  temperature  of  the  heat  flux  probe,  heat  flux  evaluated  by  the 
analog  signal  processor,  and  location  of  the  model  injection  system.  The  data  were  delivered  to 
AEDC  on  a  floppy  disk  in  ASCII  format  and  are  plotted  and  summarized  in  Ref.  2. 

2.2  JP-200  FACILITY 

The  JP-200  facility  uses  four  5-MW,  Huels-type  arc  heaters  manifolded  into  a  single  ple¬ 
num  to  create  high-enthalpy  mass  flows  up  to  2  kg/sec.  The  four  heaters  are  located  90  deg  apart 
so  as  to  look  like  a  vertical  cross,  with  the  flow  exiting  through  a  single  nozzle  perpendicular  to 
the  plane  of  the  arc  heaters.  Pressures  up  to  60  bar  with  run  times  up  to  60  sec  are  possible.  The 
JP-200  facility  is  shown  during  a  run,  without  the  model  injection  system  installed,  in  Fig.  11. 
This  facility  has  been  used  since  1979,  mainly  for  military  programs. 
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The  four  arc  heaters  are  each  assigned  a  number  for  reference  purposes.  The  numbering 
sequence  for  the  heaters  is  shown  in  Fig.  12a,  with  heater  number  one  located  at  the  top  and  con¬ 
tinuing  in  a  counterclockwise  direction,  looking  upstream,  to  heater  number  four  on  the  right. 

Each  heater  is  powered  by  a  separate  module  of  the  power  supply  with  the  cathodes  of  each 
heater  grounded.  The  coils  located  around  the  anode  of  each  heater  are  powered  by  a  separate 
power  supply. 

2.2.1  Arc  Heaters 

The  four  arc  heaters  used  in  the  JP-200  facility  are  identical  and  are  very  close  in  geometry 
to  the  HP  arc  heater.  As  shown  in  Fig.  13,  a  typical  heater  consists  of  two  tubular  electrodes  sepa¬ 
rated  by  an  air  injection  chamber  with  a  coil  installed  around  the  upstream  electrode  to  enhance 
arc  rotation  and  attachment  location. 

Upstream  Electrode:  The  upstream  electrode  is  the  anode  which  has  an  inside  diameter  of 
68  mm  and  a  length  of  420  mm.  The  electrode  liner  is  made  of  copper  and  is  backside  water 
cooled. 

Magnetic  Coil:  The  magnetic  coil  around  the  upstream  electrode  is  shown  in  Fig.  3.  The 
coil  consists  of  four  rings,  with  each  ring  consisting  of  two  axial  spirals  and  twenty  radial  spirals. 
Only  the  upstream  three  rings  are  powered.  The  inside  diameter  of  the  coil  is  216  mm  and  the 
outside  diameter  is  600  mm.  Only  the  three  upstream  coils  are  powered.  The  coil  is  positioned 
axially  on  the  anode  so  that  the  upstream  ring  is  450  mm  from  the  downstream  lip  of  the  elec¬ 
trode  liner,  as  shown  in  Fig.  4. 

Air  Injection  Chamber:  The  air  injection  chamber  consists  of  3 1  sonic  air  injection  holes 
located  on  four  axial  rows  around  the  outer  wall  of  the  chamber,  as  shown  in  Fig.  14.  The  holes 
are  drilled  at  an  angle  to  produce  a  swirl  in  the  clockwise  direction  looking  downstream.  Twenty 
of  the  holes  have  a  minimum  injection  diameter  of  0.8  mm,  and  1 1  holes  have  an  injection  diame¬ 
ter  of  1.0  mm  giving  a  total  air  injection  area  of  18.69  mm^.  One  air  injector  is  plugged  because 
of  a  machining  problem  during  fabrication. 

Downstream  Electrode:  The  downstream  electrode  is  the  cathode  which  has  an  inside 
diameter  of  35  mm  and  a  inside  length  of  650  mm.  The  electrode  liner  is  made  of  copper  and  is 
backside  water  cooled.  The  cathode  is  electrically  grounded. 

2.2.2  Pressure  Ring  and  Nozzle 

Static  Pressure  Ring:  A  ring  is  installed  between  the  manifold  and  the  nozzle  to  permit  a 
static  pressure  measurement  as  shown  in  Fig.  15.  The  internal  dimensions  of  the  pressure  ring  are 
58  mm  in  diameter  and  38  mm  long,  and  its  cross-sectional  area  (A  =  26.42  cm^)  is  only  5.3 
times  the  throat  area  of  the  large  nozzle  (A*  =  5.0  cm^)  and  10.6  times  the  throat  area  of  the 
small  nozzle  (A*  =  2.5  cm^).  This  means  that  the  velocity  through  the  pressure  ring  will  be  too 
high  to  produce  a  static  pressure  measurement  which  will  accurately  represent  the  total  pressure. 
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Nozzle:  The  two  nozzles  shown  in  Fig.  16  and  17  were  specially  designed  and  fabricated  for 
the  JP-200  arc  heater  for  this  test.  The  detailed  design  specifications  are  presented  in  Ref.  1.  The 
larger  nozzle  (Fig.  16)  has  a  throat  diameter  of  25.20  mm  (A*  =  5.0  cm^)  with  an  exit  diameter 
of  48.80  mm  and  an  entrance  diameter  of  58  mm.  The  smaller  nozzle  has  a  throat  diameter  of 
17.84  mm  (A*  =  2.5  cm^)  with  an  exit  diameter  of  34.56  mm  and  an  entrance  diameter  of  58 
mm.  Both  nozzles  have  a  Mach  number  of  approximately  2.6  at  the  exit. 

2.2.3  Manifold 

The  manifold  is  used  to  channel  the  flow  from  the  four  arc  heaters  to  a  single  nozzle.  The 
manifold  liner  is  shown  in  an  assembly  view  in  Fig.  15  with  one  of  the  four  arc  heaters,  the  pres¬ 
sure  ring,  and  nozzle.  The  manifold  liner  dimensions  are  presented  in  Fig.  18.  The  manifold  is 
made  of  copper  which  is  backside  water  cooled  and  contained  in  a  stainless  steel  cubical  hous¬ 
ing.  All  of  the  water  connections  are  made  from  the  rear  of  the  housing  (opposite  of  the  nozzle). 
A  pressure  port  is  also  available  at  the  rear  of  the  manifold  but  is  not  used  because  of  operational 
problems  with  contamination  obstructing  the  pressure  port.  The  cooling  water  scheme  for  the 
manifold  and  the  water  blocks  was  not  provided. 

Compared  to  the  nozzle  throat,  the  cross-sectional  area  of  the  nozzle  tube  in  the  manifold  is 
relatively  small.  The  nozzle  tube  cross-sectional  area  is  20.43  cm^,  which  is  only  four  times  the 
nozzle  throat  area  of  the  large  nozzle  (A*  =  5  cm^).  The  combined  cross-sectional  area  of  the 
four  arc  heater  tubes  is  53.32  cm  (a  single  arc  heater  tube  is  13.33  cm  ).  The  nozzle  tube  diame¬ 
ter  is  made  as  small  as  possible,  it  appears,  to  reduce  wall  losses  since  the  nozzle  tube  dictates 
the  size  of  the  manifold  central  sphere,  as  can  be  seen  in  Fig.  18.  This  manifold  is  designed  to 
produce  a  high-enthalpy  flow  by  minimizing  wall  losses.  There  is  no  attempt  to  provide  a  stilling 
chamber  effect  to  dampen  flow  fluctuations  by  creating  a  large  cavity  at  the  central  sphere 
because  this  would  increase  the  wall  losses  and  reduce  the  total  enthalpy. 

2.2.4  Support  Systems 

Model  Injection  System:  The  JP-200  facility  uses  a  linear  model  injection  system  which 
can  expose  three  probes  to  the  flow.  The  model  injection  system  has  a  sweep  speed  up  to  1  m/ 
sec,  which  was  the  sweep  speed  used  for  this  test.  However,  the  sweep  speed  is  not  constant 
because  the  carriage  is  accelerating  slightly  as  the  first  probe  enters  the  flow,  and  then  slows 
down  slightly  as  the  probes  traverse  the  flow  field.  This  change  in  sweep  speed  is  very  slight  and 
should  have  no  effect  on  the  data  or  results.  The  carriage’s  position  is  measured  versus  time  and 
recorded  on  the  high-speed  data  system.  The  model  injection  system  sweeps  horizontally  across 
the  flow  field  in  front  of  the  nozzle.  The  direction  of  the  first  sweep  across  the  flow  field  (for¬ 
ward  sweep)  is  from  the  heater  2  side  (see  Fig.  12)  to  the  heater  4  side.  The  reverse  sweep  is  in 
the  direction  from  heater  4  to  heater  2. 

Probes:  Three  probes,  which  are  the  same  probes  that  were  used  on  the  HP  test,  were  used 
to  evaluate  the  JP-200  flow  field:  two  pitot  pressure  probes  and  one  heat  flux  probe.  The  two 
pressure  probes  were  installed  on  the  model  injection  system  positions  1  and  3,  and  the  heat  flux 
probe  was  installed  between  the  two  pressure  probes  on  position  2.  The  probes  are  swept  through 
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the  flow  twice  during  the  run,  forward  and  then  reverse.  The  probes  are  positioned  to  sweep 
through  the  center  of  the  nozzle  flow  at  an  axial  location  no  more  than  5  mm  downstream  from 
the  nozzle  exit.  The  probes  are  more  fully  detailed  in  the  HP  facility  description  in  Section  2.1.3. 

Cooling  Water  System:  Each  component  of  the  JP-200  arc  heater  system  is  individually 
water  cooled  by  a  closed-loop  cooling  water  system.  The  water  flow  rate  and  temperature  rise  for 
each  component  are  recorded,  which  allows  the  calculation  of  an  energy  loss  for  each  compo¬ 
nent.  There  are  12  separate  cooling  water  circuits  on  the  JP-200  system  plus  separate  cooling 
water  circuits  for  the  coils  from  which  data  were  not  recorded  for  this  test.  The  12  circuits  are 
four  upstream  electrode  circuits,  four  downstream  electrode  circuits,  two  air  injection  chamber 
circuits  (heaters  2  and  4  are  in  series  and  heaters  1  and  3  are  in  series),  the  manifold,  and  the  noz¬ 
zle.  The  pressure  ring  does  not  have  a  separate  circuit,  but  is  in  series  with  the  nozzle.  Two 
different  configurations  on  the  manifold  outlet  were  used,  as  shown  in  Figs.  19  and  20.  The  origi¬ 
nal  configuration  (Fig.  19)  was  used  only  for  runs  1506  and  1507.  After  problems  were 
discovered  with  the  manifold  temperature  difference  measurement,  the  water  outlet  configuration 
on  the  manifold  was  reconfigured  for  the  remainder  of  the  runs  (Fig.  20)  to  improve  response 
time  and  accuracy.  For  Run  1517,  heaters  2  and  4  were  disconnected  and  flanges  were  placed 
over  the  manifold  where  the  heaters  were  connected.  The  cooling  water,  which  would  have  been 
used  for  the  air  injection  chambers  on  heaters  2  and  4,  was  used  to  cool  the  two  flanges,  F2  and 
F4,  shown  in  Fig.  20. 

The  water  flow  rate  through  each  circuit  is  determined  using  an  orifice  plate  located  on  the 
downstream  side  of  the  heater.  The  pressure  differential  is  measured  across  the  orifice  and  the 
water  flow  rate  is  calculated  through  knowledge  of  the  orifice  geometry. 

The  water  temperature  rise  is  determined  using  platinum  resistance  probes  configured  for  a 
temperature  difference  measurement.  A  resistance  probe  is  located  on  the  inlet  and  outlet  side  of 
each  circuit,  and  they  are  electrically  connected  to  measure  the  water  temperature  rise  directly. 

High-Pressure  Air  System:  A  420-bar  high-pressure  air  system  is  used  to  supply  air  to  all 
four  heaters,  as  shown  in  Fig.  21.  A  separate  pressure  regulator  controls  the  flow  rate  to  each 
heater.  The  air  flow  rate  to  each  heater  is  determined  by  measuring  the  differential  pressure 
across  an  orifice  plate.  The  air  temperature  and  pressure  are  also  measured  for  use  in  the  flow 
rate  calculation. 

Instrumentation:  Instrumentation  used  on  the  JP-200  test  is  presented  in  Table  2.  Refer¬ 
ence  4  provides  additional  information  on  the  types  of  sensors  used  to  make  each  measurement, 
along  with  signal  conditioning  requirements,  calibration,  and  accuracy  of  the  instrumentation. 

Data  Acquisition:  Data  were  recorded  at  two  different  rates,  10  Hz  and  5  kHz.  All  of  the 
data  are  recorded  versus  time,  with  time  equals  zero  set  approximately  3  sec  prior  to  arc  initia¬ 
tion.  The  parameters  recorded  at  the  10-Hz  rate  (data  point  every  0.1  sec)  for  each  heater  are  arc 
voltage,  arc  current,  chamber  pressure  (anode  location),  upstream  electrode  cooling  water  temper¬ 
ature  rise,  downstream  electrode  cooling  water  temperature  rise,  air  injection  chamber  cooling 
water  temperature  rise  (heaters  2  and  4  in  series  and  heaters  1  and  3  in  series),  upstream  elec- 
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trade  water  flow  rate,  downstream  electrode  water  flow  rate,  air  injection  chamber  water  flow 
rate,  and  air  flow  rate.  Additional  parameters  recorded  at  10  Hz  are  manifold  cooling  water  tem¬ 
perature  rise,  nozzle  and  pressure  ring  cooling  water  temperature  rise,  manifold  cooling  water 
flow  rate,  nozzle  and  pressure  ring  cooling  water  flow  rate,  static  pressure  (pressure  ring  loca¬ 
tion),  and  aerodynamic  (calculated)  total  enthalpy. 

The  parameters  recorded  at  a  rate  of  5  kHz  (data  point  every  0.0002  sec)  are  arc  voltage  - 
each  heater,  chamber  pressure  -  each  heater  (anode  location),  static  pressure  (pressure  ring  loca¬ 
tion),  pitot  pressure  probe  on  position  2,  pitot  pressure  probe  on  position  4,  temperature  of  the 
heat  flux  probe,  heat  flux  evaluated  by  the  analog  signal  processor,  and  location  of  the  model 
injection  system.  The  data  were  delivered  to  AEDC  on  floppy  disks  in  ASCII  format  and  are  plot¬ 
ted  and  summarized  in  Refs.  5,  6,  and  7. 

2.3  ARC  HEATER  COMPARISON 

The  HP  arc  heater  is  very  close  in  design  to  the  JP-200  heaters.  Ideally,  the  heaters  in  the 
two  facilities  would  be  identical  to  eliminate  any  geometry  variables.  Although  the  heater  geome¬ 
tries  are  similar,  they  are  not  identical.  A  schematic  showing  a  comparison  of  the  heater  internal 
dimensions  is  presented  in  Fig.  22.  From  an  inspection  of  Fig.  22  it  is  evident  that  the  only 
dimension  that  is  identical  is  the  downstream  electrode  diameter.  The  coil  geometries,  locations 
relative  to  the  anode,  and  field  intensities  are  also  identical  (see  Figs.  3  and  4).  Although  most  of 
the  dimensions  are  different,  they  are  relatively  minor  and  should  not  appreciably  alter  the 
results.  The  surface  areas  exposed  to  hot  gas  for  the  HP  and  JP-200  facilities  are  presented  in 
Table  3,  and  the  calculation  methodology  is  presented  in  Appendix  A. 

3.0  TEST  SUMMARY 

Tests  were  performed  in  two  arc  facilities:  the  single-arc  HP  facility  and  the  multi-arc  JP- 
200  facility.  The  objectives  of  the  tests  were  to  evaluate  heater  and  flow-field  performance  with  a 
single  arc  heater,  and  then,  using  the  same  type  heater,  to  compare  the  performance  with  a  multi¬ 
arc  manifold  system.  Tests  were  first  performed  in  the  single-arc  HP  facility  to  evaluate  heater 
performance  for  a  chamber  pressure  of  60  ±  2.5  bar  and  a  reduced  enthalpy  of  74  ±  10  percent. 
Once  an  acceptable  condition  was  achieved  with  the  HP  heater,  the  same  condition  was  selected 
for  all  of  the  JP-200  runs.  All  of  the  data  are  presented  in  plot  format  in  Refs.  2,  5,  6,  and  7. 

3.1  HP  TEST  ENTRY 

Four  runs  were  performed  in  the  HP  facility:  three  to  evaluate  heater  performance  (runs  429, 
430,  and  432),  and  one  to  evaluate  heat  flux  probe  performance  (Run  431).  The  four  runs  were 
performed  June  2  -  June  6,  1994.  AEDC  representatives  were  not  present  to  witness  the  HP  test 
series.  The  HP  test  matrix  is  presented  in  Table  4. 

The  HP  heater  was-  operated  at  three  different  arc  currents  while  the  air  mass  flow  was  held 
constant  at  440  gm/sec  to  evaluate  heater  performance.  Run  429  was  operated  at  a  current  of 
1,446  amp,  which  produced  a  chamber  pressure  of  65.6  bar  and  an  overall  enthalpy,  H/RTq  of 
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90,  which  were  too  high.  The  arc  was  blowing  out  the  nozzle  on  Run  432  at  a  current  of  863 
amp,  which  was  not  acceptable.  Run  430  met  the  pressure  and  enthalpy  requirements  at  a  current 
of  1,077  amp.  Run  431  was  performed  at  the  same  conditions  as  Run  430  to  evaluate  another 
heat-flux  probe.  Run  430  was  used  as  the  standard  run  by  which  all  of  the  JP-200  data  were 
compared. 

The  electrodes  were  inspected  following  the  test  series  to  determine  the  axial  arc  attachment 
location.  The  electrodes  were  also  measured  to  determine  the  mass  loss.  Results  of  these  measure¬ 
ments  are  presented  in  Tables  5  and  6.  Arc  attachment  measurements  were  not  made  on  the 
downstream  electrode  because  it  was  hard  to  determine  a  location  where  the  arc  was  predomi¬ 
nantly  running.  From  observations  of  the  cathode,  it  appears  that  the  arc  was  attaching  primarily 
near  the  downstream  end. 

3.2  JP-200  TEST  ENTRY 

Twelve  runs  were  performed  in  the  JP-200  facility:  six  full-length  runs  and  six  short  check 
runs.  The  runs  were  numbered  sequentially  from  1506  through  1517.  The  12  runs  were  per¬ 
formed  from  October  4  through  October  19,  1994.  AEDC  personnel  witnessed  all  of  the  JP-200 
runs  and  participated  in  pre-run  planning  and  post-run  analysis  with  Aerospatiale  personnel.  The 
JP-200  run  matrix  is  presented  in  Table  4.  The  run  matrix  consists  of  five  “matrix”  runs  which 
include  runs  with  all  four  heaters  hot,  three  heaters  hot  and  one  heater  flowing  cold  air,  two  heat¬ 
ers  hot  and  two  heaters  flowing  cold  air,  two  heaters  hot  and  two  heaters  inactive,  and  two 
heaters  hot  and  two  heaters  removed.  Heaters  1  and  3  (see  Fig.  12a)  were  hot  for  all  runs  with  no 
configuration  changes  while  changes  were  made  on  heaters  2  and  4.  All  of  the  changes  were 
made  to  heaters  2  and  4  because  the  probes  swept  horizontally  across  the  flow  field  in  the  direc¬ 
tion  from  heater  2  to  4  and  then  from  heater  4  to  2.  If  any  asymmetry  existed  in  the  flow  field 
from  poor  mixing  during  runs  with  cold  air  flow,  inactive  heaters,  or  heaters  removed,  then  limit¬ 
ing  the  configuration  changes  to  heaters  2  and  4  presented  the  best  opportunity  for  the  probes  to 
detect  any  effect  of  these  changes. 

A  check  run  of  approximately  15  sec  was  performed  prior  to  each  “matrix”  run  except  Run 
1513  to  evaluate  the  heater  performance  and  setup.  If  the  heater  performance  and  setup  were 
acceptable,  a  full-length  energy  balance  run  was  performed. 

Run  1507  was  a  full-length,  35-sec  run  with  all  four  heaters  operating.  Problems  were 
noticed  on  the  manifold  cooling  water  temperature  difference  measurement.  The  water  tempera¬ 
ture  rise  appeared  to  be  too  low.  Following  this  run,  the  manifold  cooling  water  configuration  on 
the  outlet  side  was  modified  to  improve  the  temperature  difference  measurement  (see  Fig.  20). 
Run  1507,  with  the  four  heaters  hot,  was  repeated  as  Run  1513. 

Run  1509  was  performed  with  heaters  1,  3,  and  4  hot  and  heater  2  flowing  cold  air  (no  arc), 
which  lowered  the  flow-field  enthalpy.  A  “ringing”  in  the  pitot  pressure  measurements  was 
noticed  on  the  data  plots  following  the  run.  This  phenomenon  persisted  for  the  remainder  of  the 
test  series.  During  one  of  the  check  runs,  the  entrance  tube  on  pitot  probe  number  2  was  plugged 
to  see  if  the  ringing  was  caused  by  mechanical  vibration.  Probe  2  did  not  respond  as  it  traversed 
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the  flow  field,  and  no  oscillations  or  “ringing”  were  observed  while  pitot  probe  number  1  (tube 
not  plugged)  continued  to  exhibit  the  ringing  characteristic.  This  experiment  ruled  out  the  possi¬ 
bility  that  the  oscillations  were  vibration  induced.  The  ringing  appears  to  be  related  to  the  natural 
frequency  of  the  probe  cavity  at  lower  flow-field  enthalpies.  The  ringing  was  not  severe  and  did 
not  affect  data  analysis. 

From  an  examination  of  the  data  on  Run  1509,  it  appeared  that  the  water  temperature  rise 
data  were  just  reaching  steady  state  at  arc  shutdown  (35  sec).  The  run  time  was  extended  to  40 
sec  for  the  remainder  of  the  energy  balance  runs  (Runs  1512,  1513,  1515,  and  1517)  to  ensure 
that  the  water  temperature  rise  was  complete. 

Run  1512  was  performed  with  heaters  1  and  3  hot  and  heaters  2  and  4  flowing  cold  air.  The 
flow  field  was  very  dim  and  hard  to  see  (could  only  see  the  flow  field  for  approximately  10  cm 
downstream  of  the  nozzle)  compared  to  runs  1507  and  1513,  where  the  flow  field  was  bright  and 
observable  for  approximately  2.5  m  downstream  (observed  8  Mach  disks  in  the  flow).  The  light 
reflecting  off  the  inside  of  the  nozzle  wall  on  Run  1512  from  the  flow  field  appeared  to  flicker, 
indicating  a  larger  fluctuation  in  the  flow-field  enthalpy  compared  to  Runs  1507  and  1513,  which 
appeared  relatively  steady.  The  flow-field  intensity  on  Run  1509  was  only  slightly  less  than  runs 
1507  and  1513  with  all  four  heaters  hot.  Approximately  7  Mach  disks  were  observed  in  the  flow 
on  Run  1509. 

Run  1515  was  performed  with  heaters  1  and  3  hot  and  heaters  2  and  4  inactive.  Heaters  2 
and  4  were  connected  to  the  manifold,  but  no  air  was  flowing  through  these  heaters.  The  small 
nozzle  (A*  =  2.5  cm^)  was  installed  for  Runs  1515  through  1517.  The  flow-field  intensity 
appeared  the  same  as  the  runs  with  all  four  heaters  hot,  with  8  Mach  disks  observed  in  the  flow. 
A  low-frequency  acoustic  rumble  not  heard  during  the  previous  runs  was  evident  during  Run 
1515.  The  flow  field  also  appeared  to  have  a  slight  pulsing  or  flickering.  From  an  examination  of 
Run  1515  data,  it  was  observed  that  the  time  required  to  pressurize  the  heaters  was  slower  than 
previous  runs. 

Following  Run  1515,  the  model  injection  system  was  removed  to  work  on  the  facility 
(remove  heaters  2  and  4  and  cap  the  manifold).  During  this  operation  an  inspection  of  the  heat 
flux  probe  revealed  that  the  null  point  sensor  in  the  probe  tip  had  recessed  slightly  into  the  probe 
body,  creating  a  small  cavity  on  the  nose  tip.  It  is  not  known  when  the  sensor  slipped  into  the 
probe  body;  however,  a  close  inspection  of  the  data  suggests  this  may  have  occurred  at  the  end  of 
Run  1512  or  the  beginning  of  Run  1513.  The  heat  flux  data  were  adjusted  numerically  and  the 
subject  is  addressed  in  detail  in  Section  6.0. 

During  heater  maintenance  between  Runs  1515  and  1516  it  was  possible  to  observe  the 
inside  surface  of  the  manifold.  The  heater  and  nozzle  tubes  were  very  lightly  coated  with  soot 
and  small  granules  (approximately  1  mm  in  diameter)  which  were  easily  removed  with  a  paper 
towel.  The  largest  concentration  of  slag  or  residue  was  noticed  on  the  subsonic  section  of  the  noz¬ 
zle.  The  rear  of  the  manifold,  where  the  pressure  port  is  located  (see  Fig.  18a),  appeared  clean 
and  shiny. 
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The  final  run,  1517,  was  performed  with  heaters  1  and  3  hot  and  heaters  2  and  4  removed 
and  the  manifold  entrance  ports  plugged  with  special  water-cooled  flanges.  The  flanges  are  basi¬ 
cally  flat  copper  disks  with  backside  water  cooling  which  were  bolted  to  the  manifold  where  the 
arc  heater  downstream  electrode  was  connected.  The  flow  field  appeared  the  same  as  in  Run 
1515  with  8  Mach  disks.  The  low-frequency  acoustic  resonance  and  flow-field  flicker  were  also 
evident  during  this  run. 

Following  the  test  series,  heater  1  was  disassembled  to  inspect  the  electrodes  to  determine 
an  arc  attachment  location  and  measure  the  mass  loss.  Results  of  these  measurements  are  pre¬ 
sented  in  Tables  5  and  6.  Arc  attachment  measurements  were  not  made  on  the  cathode  because  of 
difficulty  in  determining  an  exact  location;  however,  it  appears  that  the  arc  was  attaching  near 
the  downstream  end  of  the  electrode. 

4.0  JP-200  OPERATIONAL  OBSERVATIONS 

AEDC  personnel  witnessed  all  of  the  JP-200  runs  and  were  able  to  observe  operations 
approximately  10  min  before  and  after  each  run.  Additionally,  an  AEDC  employee  was  permit¬ 
ted  to  observe  operations  personnel  make  hardware  configuration  changes  between  Runs  1515 
and  1516  when  heaters  2  and  4  were  removed  from  the  manifold  in  preparation  for  the  runs  with 
two  heaters  hot  and  two  heaters  removed. 

Pre-run  operations  appeared  smooth,  efficient,  and  trouble-free.  Prior  to  each  run  (approxi¬ 
mately  15  to  20  min)  a  cold  flow  was  performed  to  check  out  hardware  and  the  computer 
program  which  controls  the  entire  facility.  A  key  interlock  system  is  used  to  set  up  systems  prior 
to  the  run  (power  switches,  manual  water  valves,  etc.).  A  computer  system  controls  the  entire  run 
sequence,  which  appeared  to  operate  as  follows:  One  button  is  pushed  on  the  computer  control 
panel  to  initiate  the  program  which  starts  all  the  systems  and  operates  the  entire  facility  from 
approximately  2  to  3  min  before  arc  initiation  until  all  systems  are  shut  down.  The  computer  sys¬ 
tem  first  starts  the  cooling  water  flow.  Once  the  cooling  water  flow  reaches  steady-state 
conditions,  the  air  flow  is  started.  When  the  air  flow  is  steady,  the  striker  rods  initiate  the  arcs  in 
the  heaters  to  start  the  run.  The  models  are  swept  and  the  run  is  terminated  at  the  programmed 
times.  The  computer  system  then  terminates  the  air  and  water  flows. 

High-  and  low-speed  data  are  downloaded  from  the  data  acquisition  system  by  a  hardwire 
connection  to  a  personal  computer  in  the  control  room,  where  they  are  available  for  inspection  on 
the  computer  screen  immediately  following  the  run.  Data  manipulation,  including  plot  scale 
changes,  enlarging  specific  sections  of  plots,  data  overlays  (for  example,  plotting  all  the  probe 
sweeps  on  one  plot),  etc.,  are  all  performed  in  the  control  room.  Hard  copies  of  the  data  are  made 
(waiting  on  the  printer  appeared  to  be  the  most  time-consuming  step  in  the  data  reduction  pro¬ 
cess)  and  can  be  presented  to  the  user  within  approximately  30  min  after  the  run.  Additionally, 
the  data  are  stored  on  a  standard  3.5-in.  floppy  disk  and  delivered  to  the  user. 

All  of  the  control  and  pre-run  setup  is  performed  on  a  486  personal  computer  using  color 
graphic  displays.  For  example,  to  set  the  desired  air  flow  rate  for  each  heater,  a  schematic  of  the 
air  system,  similar  to  Fig.  21,  is  displayed  on  the  screen,  and  the  requested  flow  is  entered  over  a 
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graphical  representation  of  a  pressure  regulator.  A  schematic  of  the  power  system  is  displayed  in 
which  the  desired  current  for  each  heater  is  entered  on  the  screen.  All  electrically  operated  sys¬ 
tems  (valves,  switches,  model  injection  system,  etc.)  are  controlled  from  this  computer. 
Basically,  all  of  the  control  room  operations  are  performed  by  a  single  computer. 

Hardware  changes  by  the  operations  crew  were  observed  between  Runs  1515  and  1516 
while  heaters  2  and  4  were  removed  from  the  manifold  and  the  entrance  ports  on  the  manifold 
were  capped  with  special  flanges.  A  crew  of  three  people,  two  craftsmen  and  one  engineer, 
worked  on  the  JP-200  facility.  The  design  and  layout  of  the  facility  appeared  to  be  efficient  and 
well  planned  as  work  proceeded  smoothly  and  at  a  faster  pace  than  expected.  The  model  injec¬ 
tion  system  was  first  removed  with  an  overhead  crane  and  placed  on  the  floor  beside  the  heater. 
Two  floor  panels  in  front  of  heater  3  (below  the  nozzle)  were  automatically  pivoted  out  of  the 
way  with  pneumatic  actuators  to  allow  heater  3  to  clear  the  floor  level.  The  entire  arc  heater  sys¬ 
tem  was  then  pivoted  about  heaters  2  and  4  with  a  hydraulic  system  so  that  all  four  heaters  were 
horizontal  to  the  floor  with  the  nozzle  pointing  towards  the  ceiling.  The  floor  panels  beneath 
heater  3  were  then  rotated  back  into  place.  The  heaters  are  mounted  and  bolted  to  a  grooved 
track.  Heaters  2  and  4  were  unbolted  from  the  track  and  the  manifold  and  were  slid  back,  away 
from  the  manifold.  The  flanges  were  then  bolted  to  the  manifold,  and  water  lines  were  rerouted 
from  the  air  injection  chambers  of  heaters  2  and  4  to  the  manifold  flanges.  Work  around  the  mani¬ 
fold  area  was  very  tight  because  of  limited  space  from  the  heaters  and  the  cooling  water  lines. 
The  anode  on  heater  3  was  unbolted  and  slid  back  from  the  air  injection  chamber  to  permit  clean¬ 
ing.  Since  heater  3  is  at  the  bottom  of  the  system,  any  foreign  material  that  is  not  expelled 
through  the  nozzle  usually  ends  up  in  the  bottom  (anode)  of  heater  3.  The  anode  was  cleaned 
with  a  paper  towel  and  compressed  air  and  reconnected  to  the  air  injection  chamber.  The  heaters 
were  rotated  vertically,  and  air  and  water  flow  checks  were  performed.  This  entire  operation  was 
performed  in  a  3-1/2 -hr  period  in  the  morning.  The  model  injection  system  was  reinstalled  and 
the  probes  were  aligned  in  the  afternoon,  which  required  an  additional  3  hr. 

Aerospatiale  personnel  commented  that  if  a  new  manifolded  arc  heater  system  were  ever 
designed,  they  would  probably  align  the  heaters  in  a  horizontal  plane  because  of  the  additional 
complexity  of  rotating  the  arc  heaters  with  all  of  the  hose  connections.  Also,  the  bottom  heater 
tends  to  have  more  operational  problems  than  the  other  heaters  because  of  foreign  material  set¬ 
tling  there.  It  was  also  observed  that  facility  operations  and  maintenance  with  a  multi-arc  system 
is  more  complex  than  with  a  single-arc  heater  (based  on  AEDC  experience  with  single-arc  heater 
operations).  This  added  complexity  is  caused  by  the  additional  hardware  and  the  close  proximity 
of  the  components. 


5.0  PERFORMANCE  AND  THERMAL  EFFICIENCY 

A  major  objective  of  this  test  program  was  to  compare  the  facility  performance  and  thermal 
efficiency  of  a  single-arc  heater  with  manifolded  arc  heaters.  Even  if  the  flow  quality  of  a  mani¬ 
folded  multi-arc  heated  facility  is  improved  over  a  single-arc  heater,  the  magnitude  of  the 
thermal  penalty  incurred  from  the  additional  hardware  required  to  manifold  the  flow  must  be 
measured.  Also  of  interest  was  the  amount  of  variation  in  performance  of  the  individual  arc  heat- 
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ers  while  they  were  operated  simultaneously  in  a  manifolded  arrangement.  The  nozzle  losses  and 
the  overall  performance  must  also  be  evaluated. 

5.1  ARC  HEATER 

The  performance  of  the  individual  arc  heaters  for  the  longer-duration  energy  balance  runs  is 
shown  in  Table  7  and  in  Fig.  23  for  both  the  HP  and  JP-200  arc  heater  tests.  The  enthalpy  and 
efficiency  values  include  only  arc  heater  thermal  losses  and  not  the  losses  from  the  manifold  or 
nozzle  and  thus  represent  the  enthalpy  and  efficiency  at  the  end  of  the  cathode  for  each  individ¬ 
ual  arc  heater.  The  target  input  values  for  each  arc  heater  on  each  run  were  an  air  mass  flow  rate 
of  440  gm/sec,  an  arc  current  of  1,075  amp,  and  a  nozzle  throat  diameter  installed  that  would  pro¬ 
duce  an  arc  heater  pressure  of  about  60  bar.  Thus,  the  heater  voltage,  power,  enthalpy,  and 
efficiency  should  be  approximately  the  same  for  all  heaters  and  for  all  runs.  To  account  for  the 
small  difference  in  geometry  between  the  HP  and  the  JP-200  arc  heaters,  an  adjustment  in  the  arc 
current  for  the  HP  heater  was  planned  if  the  enthalpy  at  the  end  of  the  cathode  for  two  facilities 
differed  by  more  than  8  percent.  That  proved  not  to  be  necessary,  as  seen  by  comparing  H/RT^ 
for  Runs  1507  and  1513  with  Runs  430  and  431  in  Table  7. 

The  variation  in  each  global  parameter  and  the  percent  deviation  of  each  parameter  from  the 
mean  for  each  heater  for  each  run  is  shown  in  Table  7,  along  with  average  values  of  the  parame¬ 
ters  for  each  run,  the  overall  average  for  all  runs,  and  the  overall  variation  for  all  runs.  Also,  a 
plot  of  the  variation  in  each  parameter  for  each  arc  heater  on  each  run  is  shown  in  Fig.  23,  along 
with  overall  average,  maximum,  and  minimum  values  of  each  parameter  for  all  runs.  The  largest 
overall  variation  was  in  the  electrical  power  (-1-8.17  to  -7.28  percent)  caused  largely  by  the  varia¬ 
tion  in  mass  flow  (-1-1.66  to  -4.5  percent)  and  voltage  {+1.2\  to  -6.19  percent)  which  in  turn 
resulted  in  an  enthalpy  variation  of  -1-5.64  to  -5.58  percent.  The  enthalpy  variation  was  well 
within  the  ±  8-percent  target.  The  maximum  power  level  occurred  in  arc  heater  2  on  Run  1513, 
and  the  minimum  occurred  in  arc  heater  4  on  Run  1509,  both  primarily  the  result  of  the  air  regu¬ 
lator  not  providing  the  target  mass  flow  of  440  gm/sec.  In  addition  to  the  variation  in  input 
variables  (mass  flow  and  current),  a  significant  part  of  the  observed  heater  parameter  variation 
can  be  attributed  to  the  nature  of  a  Huels-type  arc  heater  where  the  arc  length  is  free  to  vary  over 
a  wide  range.  The  lower  efficiency  for  the  HP  arc  heater  relative  to  the  JP-200  arc  heaters  shown 
in  Fig.  23  is  probably  caused  by  the  longer  heater  geometry  for  the  HP  arc  heater  relative  to  the 
JP-200  arc  heaters,  the  longer  length  thus  causing  more  thermal  losses. 

5.2  MANIFOLD 

The  flow  from  each  JP-200  arc  heater  is  combined  in  the  manifold  and  then  exits  to  the  noz¬ 
zle.  The  manifold  is  a  critical  component  of  a  multi-arc  facility,  a  component  which  is  not 
required  in  a  single-arc  heater  facility.  Therefore,  the  magnitude  of  the  thermal  loss  associated 
with  the  manifold  and  the  accompanying  reduction  in  enthalpy  is  important  in  determining  the 
overall  performance  of  such  a  facility.  The  thermal  performance  of  the  manifold  is  presented  in 
Table  8  and  plotted  in  Figs.  24-26  as  a  function  of  aerodynamic  enthalpy.  The  aerodynamic 
enthalpy  is  calculated  from  the  continuity  equation  for  equilibrium  sonic  flow.  Figure  24  shows 
the  manifold  thermal  loss  as  a  percent  of  the  total  loss  in  all  of  the  arc  heater  hardware  for  each 
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run  with  the  JP-200  facility.  Run  1507,  the  first  run  with  all  four  arc  heaters  operating  hot,  pro¬ 
duced  a  low  thermal  loss  in  the  manifold.  This  result  was  questioned  after  comparing  this  loss 
with  the  manifold  loss  obtained  on  Runs  1509  and  1512  with  cold  air  added  to  reduce  the 
enthalpy.  Run  1507  was  repeated  on  Run  1513,  which  resulted  in  a  higher  manifold  thermal  loss 
of  8.1  percent  of  the  total  loss.  This  result  seems  reasonable  when  compared  to  a  manifold  loss  of 

7.3  percent  on  Run  1509  with  cold  air  flowing  in  one  heater  and  6.7-percent  loss  on  Run  1512 
with  cold  air  flowing  in  two  heaters.  Runs  1515  and  1517  with  only  two  heaters  operating  and  no 
cold  air  introduced,  produced  manifold  losses  between  11  and  12  percent  of  the  total.  The  rela¬ 
tive  increase  was  caused  by  a  nearly  50-percent  reduction  in  the  surface  area  of  the  arc  heaters, 
where  most  of  the  thermal  losses  occurred  while  the  manifold  area  remained  constant.  The  mani¬ 
fold  thermal  loss  as  a  percent  of  the  power  in  the  gas  at  the  entrance  to  the  manifold  is  plotted  in 
Fig.  25,  and  the  overall  reduction  in  bulk  enthalpy  attributed  to  the  presence  of  the  manifold  is 
shown  in  Fig.  26.  Both  of  these  figures  show  the  same  trend  as  discussed  in  Fig.  24.  The  percent 
reduction  in  enthalpy  caused  by  the  manifold  with  all  four  arc  heaters  hot  was  7.1  percent  (Run 
1513)  and  was  down  to  5.2  percent  with  two  heaters  flowing  cold  air  (Run  1512).  These  thermal 
losses  are  quite  reasonable  and  would  not  be  considered  a  significant  penalty  for  choosing  the 
manifolded  concept. 

5.3  NOZZLE 

Thermal  losses  occurring  in  the  nozzle  are  presented  in  Table  9  and  Figs.  27-29.  The  nozzle 
loss  as  a  percent  of  the  total  thermal  loss  is  shown  in  Fig.  27.  The  nozzle  loss  with  all  four  JP- 
200  arc  heaters  operating  is  4.5  percent  of  the  total  loss,  and  the  loss  decreases  with  cold  air 
added  (Runs  1509  and  1512).  With  only  two  heaters  operating  and  no  cold  air  added  (Runs  1515 
and  1517),  the  nozzle  loss  increased  to  6.0  percent.  These  losses  are  similar  in  trend  to  the  mani¬ 
fold  losses  (see  Section  5.2).  Note  that  the  nozzle  loss  in  Fig.  27  for  Runs  1507  and  1513  is 
essentially  the  same,  which  substantiates  the  likelihood  that  the  lower-than-expected  manifold 
heat  loss  level  on  Run  1507  is  incorrect. 

The  nozzle  loss  as  a  percent  of  the  total  loss  for  the  HP  arc  heater  is  higher  than  for  the  JP- 
200  manifolded  arc  heaters.  The  higher  nozzle  loss  for  the  HP  arc  heater  was  attributed  to  the 
design  of  the  nozzle  which  contains  more  surface  area  exposed  to  the  hot  gas  relative  to  the 
exposed  surface  area  for  the  entire  HP  arc  heater  than  does  the  JP-200  nozzle  and  the  pressure 
measuring  station  (see  Figs.  6  and  15  and  Table  3).  Figure  27  shows  a  reduction  in  the  ratio  of 
the  HP  nozzle  loss  to  total  loss  as  the  arc  current  and  aerodynamic  enthalpy  are  increased  while 
holding  the  mass  flow  constant.  The  higher  current  shortens  the  arc  length  and  results  in  higher 
thermal  losses  in  the  cathode  relative  to  the  nozzle  for  the  higher  enthalpy  runs. 

The  nozzle  loss  relative  to  the  power  to  the  gas  at  the  nozzle  entrance  is  shown  in  Fig.  28, 
and  the  reduction  in  enthalpy  attributed  to  the  nozzle  is  plotted  in  Fig.  29  as  a  function  of  aerody¬ 
namic  enthalpy.  The  results  are  similar  to  those  previously  presented. 
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5.4  OVERALL  PERFORMANCE 

The  overall  performance  of  the  HP  and  the  JP-200  arc  heater  facilities  are  shown  in  Table 
10.  The  aerodynamic  enthalpy  is  based  on  the  equilibrium  sonic  flow  calculation  with  gas  proper¬ 
ties  obtained  from  the  Mollier  chart.  The  calorimetric  or  energy  balance  enthalpies  are  also 
shown  in  Table  10  calculated  four  different  ways:  total  enthalpy  with  all  losses  included, 
enthalpy  excluding  nozzle  loss,  enthalpy  excluding  only  the  manifold  loss,  and  the  enthalpy 
excluding  both  the  manifold  and  nozzle  losses.  The  aerodynamic  enthalpy  agrees  extremely  well 
with  the  calorimetric  enthalpy,  if  the  nozzle  loss  is  excluded,  for  all  runs  for  both  the  HP  and  the 
JP-200  arc  facilities.  Also  note  that  for  those  same  enthalpy  measurements  (aerodynamic 
enthalpy  and  calorimetric  enthalpy  excluding  nozzle  loss),  the  JP-200  enthalpy  is  about  7  percent 
lower  than  the  HP  enthalpy.  However,  the  thermal  losses  in  the  HP  nozzle  are  relatively  high 
because  of  its  design  compared  to  the  nozzle  loss  for  the  JP-200  facility.  Therefore,  the  overall 
calorimetric  enthalpy  with  all  losses  included  is  only  about  4  percent  lower  for  the  JP-200  facil¬ 
ity  than  for  the  HP  facility. 

A  comparison  of  probe  data  for  the  HP  and  JP-200  facilities  is  shown  for  pitot  pressure  in 
Figs.  30-31  and  for  heat  flux  in  Figs.  32-33.  For  pitot  pressure,  the  levels  and  profiles  are  essen¬ 
tially  the  same  for  the  HP  and  JP-200  facilities.  However,  the  heat  flux  for  the  JP-200  averaged 
only  40  MW/m^,  compared  to  60  MW/m^  for  the  HP  arc  heater.  Most  of  this  difference  is  attrib¬ 
uted  to  heat  flux  enhancement  from  free-stream  turbulence  which  has  been  largely  removed  by 
the  manifold  in  the  JP-200  facility.  This  heat  transfer  enhancement  which  occurs  in  a  single-arc 
heater  is  often  used  to  great  advantage  for  materials  testing  where  extremely  high  rates  are 
required.  Certainly  the  7-8  percent  thermal  loss  in  the  manifold  is  not  enough  to  account  for  this 
large  difference  in  flow-field  heat  flux.  The  heat  flux  profiles  from  both  facilities  are  generally 
fiat  (not  peaked  in  the  center)  although  the  HP  heat  flux  is  somewhat  lower  on  one  side  of  the 
flow  than  on  the  opposite  side.  This  phenomenon  is  believed  to  be  caused  by  a  probe  measure¬ 
ment  problem  because  the  low  heat  flux  was  always  measured  on  the  side  of  the  flow  that  the 
probe  entered,  regardless  of  the  probe  sweep  direction.  It  was  surprising  that  the  heat  flux  pro¬ 
files  for  the  HP  arc  heater  were  generally  flat.  Usually,  with  a  single-arc  heater  the  heat  flux  is 
considerably  higher  on  centerline  because  of  the  swirl  and  cored  flow  generated  in  the  arc  heater. 
The  only  explanation  that  could  be  found  for  the  fiat  profiles  obtained  with  the  HP  arc  heater  was 
the  presence  of  the  short,  but  large-diameter  cavity  between  the  downstream  end  of  the  cathode 
and  the  entrance  to  the  nozzle.  This  cavity  is  used  as  a  pressure  measuring  station  (see  Fig.  6), 
but  it  may  also  have  caused  the  flow  to  recirculate  and  allow  the  hot  core  to  mix  with  the  cooler 
surrounding  flow. 


6.0  FLOW  QUALITY  EVALUATION 

The  flow  field  was  probed  to  evaluate  flow-field  conditions.  Two  pitot  probes  and  one  heat 
flux  probe  were  used.  Data  were  taken  for  a  forward  sweep  and  a  reverse  sweep  through  the  fiow 
for  each  matrix  run. 
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6.1  DATA  VALIDATION 

Since  probe  data  were  used  to  characterize  the  flow  field,  certain  checks  were  done  to  assess 
the  validity  of  the  probe  data. 

6.1.1  Heat  Flux  and  Pitot  Pressure  Data  Reduction 

The  Aerospatiale  heat  flux  data  were  output  directly  as  a  result  of  inputting  the  time-temper¬ 
ature  data  into  an  analog  heat  flux  network.  The  analog  network  does  a  reasonably  good  job,  but 
the  result  is  slightly  low  when  compared  with  a  numerical  integration,  as  shown  in  Fig.  34.  Data 
for  Run  430  are  shown  in  Fig.  34a  and  for  Run  1513  in  Fig.  34b.  In  light  of  these  data,  the  heat 
flux  derived  at  AEDC  from  a  numerical  integration  of  the  time-temperature  data  was  used  for  the 
flow-field  evaluations.  The  pitot  pressure  data  (also  shown  in  Fig.  34)  shows  that  the  two  Aero¬ 
spatiale  pressure  probes  give  essentially  the  same  answer. 

6.1.2  Derived  Parameters 

Given  swept  probe  data  (pitot  pressure,  Po’,  and  heat  flux,  Q)  as  a  function  of  radial  posi¬ 
tion,  other  parameters  were  derived  on  a  point-by-point  basis  to  give  profiles  of  enthalpy,  H, 
velocity,  V,  Mach  number,  M,  and  density,  p.  An  inferred  enthalpy  can  be  computed  from  Fay 
and  Riddell  (Ref.  8)  heat-transfer  theory,  and  then  the  remaining  parameters  can  be  obtained  by 
solving  a  reverse  shock  crossing  problem  using  equilibrium  air  properties. 

6.1.3  Profile  Integrations 

Once  the  profiles  of  H,  V,  M,  and  p  are  known,  integrations  across  the  flow  field  can  be  per¬ 
formed  to  obtain  the  total  mass  flow  and  the  mass  average  enthalpy.  The  mass  average  enthalpy 
computed  from  an  integration  of  probe  data  has  historically  been  observed  to  exceed  the  heat  bal¬ 
ance  enthalpy  by  an  amount  that  has  been  dubbed  the  "enhancement."  This  "enhancement"  has 
been  attributed  to  free-stream  turbulence  enhancing  the  heat  transfer  above  the  value  predicted 
by  the  laminar  theory  of  Fay  and  Riddell.  The  relationship  between  free-stream  turbulence  and 
heat-transfer  enhancement  can  be  predicted  with  the  Wassel  and  Denny  (Ref.  9)  theory.  Self-con¬ 
sistent  data  should  then  exhibit  the  following  characteristics;  (a)  the  Mach  number  profile  should 
agree  with  the  Mach  number  based  on  the  geometric  area  ratio,  (viscous  effects  are  small  in  a 
high  pressure,  low  Mach  number  nozzle);  (b)  the  integrated  mass  flow  should  agree  with  the 
mass  flow  measured  upstream  of  the  arc  heater;  and  (c)  the  integrated  mass  average  enthalpy 
should  exceed  the  heat  balance  enthalpy  by  some  "enhancement"  value  which  is  reasonable  for 
that  configuration.  An  enhancement  less  than  1.0  generally  indicates  an  error  in  some  component 
of  the  data. 

The  ratio  of  the  integrated  parameter  values  derived  from  probe  data  to  the  measured  value 
for  each  of  these  quantities  is  shown  in  Fig.  35.  These  results  are  plotted  versus  run  number  in 
chronological  order  to  facilitate  the  detection  of  any  changes  that  may  have  occurred  in  the  instru¬ 
mentation.  For  instance,  it  was  observed  that  the  null-point  calorimeter  slug  slipped  back  into  the 
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probe  body  at  some  point  during  the  test.  This  would  effectively  cause  the  probe  to  appear  more 
blunt,  hence  reducing  the  measured  heat  transfer. 

To  quantify  the  effect  of  the  null-point  slug  slippage,  a  hemisphere  with  a  flat  spot  the  size 
of  the  slug  was  analyzed.  This  is  a  conservative  model  since  the  slug  actually  slipped  deeper  into 
the  body.  The  effect  is  investigated  by  looking  at  the  stagnation  point  velocity  gradient,  a  critical 
component  of  the  Fay  and  Riddell  heat-transfer  expression.  The  stagnation  point  velocity  gradi¬ 
ents  for  a  sphere  and  for  a  sphere  with  a  flat  spot  are  compared  in  Fig.  36.  The  velocity  gradient 
for  a  sphere  is  0.64,  and  for  a  flattened  sphere  it  is  0.46.  Since  the  heat  transfer  is  proportional  to 
the  square  root  of  the  velocity  gradient,  the  blunting  of  the  sphere  reduces  the  heat  transfer  by  the 
square  root  of  the  ratio  of  0.46  to  0.64,  i.e.,  a  reduction  of  15  percent.  It  is  not  known  when  in  the 
run  sequence  the  slug  slipped;  however,  a  15-percent  correction  was  applied  to  the  last  3  runs. 
Runs  1513,  1515  and  1517,  and  the  results  are  shown  as  a  possible  correction  of  the  data  (the 
solid  symbols)  in  Fig.  35.  This  results  in  bringing  all  of  the  heat-transfer  enhancements  above  1.0 
and  improves  the  mass  flow  prediction  for  these  last  three  runs.  The  mass  flows  calculated  are 
then  within  ±10  percent  of  the  measured  values,  a  good  rule  of  thumb  for  acceptability. 

6.1.4  Evaluation  of  Probe  Data  Quality 

The  agreement  of  the  integrated  probe  data  with  heater  measurements  can  be  summarized  as 
follows:  (a)  the  Mach  number  agreement  is  within  2  percent;  (b)  the  mass  flow  agreement  is 
acceptable  (within  10  percent);  and  (c)  the  enthalpy  enhancement  with  the  proposed  adjustments 
is  greater  than  1.0,  as  it  should  be.  The  probe  data  are  self-consistent  with  the  adjustments  used; 
however,  the  acceptance/rejection  of  the  adjustments  does  not  significantly  affect  the  flow  qual¬ 
ity  arguments  that  follow. 

6.2  FLOW  QUALITY 

The  flow  quality  of  the  single-arc  and  multi-arc  configurations  will  be  examined  to  deter¬ 
mine  whether  one  configuration  yields  significantly  better  flow  quality  than  the  other.  The  flow 
quality  will  be  characterized  by;  (a)  the  profile  shape  for  parameters  such  as  pressure,  enthalpy, 
etc.,  (b)  the  magnitude  of  fluctuations  of  the  various  parameters,  and  finally  (c)  by  the  mixing 
efficiency  in  the  multi-arc  case. 

6.2.1  Profile  Shapes 

Profiles  for  the  measured  and  computed  parameters  are  shown  in  Figs.  37a-e  for  the  single 
HP  arc  heater.  Run  430,  and  in  Figs.  38a-e  for  the  JP-200  multi-arc.  Run  1513.  The  heat  flux  for 
the  HP  heater.  Fig.  37b,  is  relatively  flat,  i.e.,  maximum  values  near  the  edge  of  the  flow  vary 
only  a  few  percent  from  those  at  the  centerline.  It  is  not  uncommon  for  the  edge  heat  flux  to  be 
50  percent  lower  than  the  centerline  value  for  a  heater  closely  coupled  to  the  nozzle.  A  possible 
explanation  for  this  uniform  heat  flux  profile  is  that  the  enlarged  pressure  measurement  station 
just  before  the  nozzle  is  acting  as  a  stilling  chamber.  The  Mach  number  profile  is  uniform  (Fig. 
37d)  indicating  good  flow  from  the  nozzle.  Finally,  the  inferred  enthalpy  profile  (Fig.  37e)  is  rela¬ 
tively  flat  and  reflects  the  fluctuations  present  in  the  heat  flux  profile. 
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The  heat  flux  profile  is  flat  for  the  JP-200  multi-arc  configuration  (Fig.  38b),  as  was 
expected.  The  Mach  number  profile  is  also  flat  (Fig.  38d),  again  indicating  good  flow  from  the 
nozzle.  Again,  the  inferred  enthalpy  profile  is  flat  and  mirrors  the  fluctuations  present  in  the  heat 
flux  profile. 

6.2.2  Flow-Field  Fluctuations 

Comparison  Methodology:  Temporal  (and  spatial,  as  the  probe  is  swept)  fluctuations  in 
amplitude  of  the  flow  parameters  are  characterized  by  computing  a  standard  deviation,  o,  over 
the  center  85  percent  of  the  core  flow.  This  corresponds  to  r  =  ±  8  mm  for  the  single-arc  configu¬ 
ration  and  r  =  ±  20  mm  for  the  multi-arc  configuration.  The  frequency  of  fluctuations  was 
compared  qualitatively.  Because  of  instrument  response  considerations  and,  in  the  case  of  heat 
transfer,  the  effect  of  the  data  reduction  procedure,  it  was  concluded  that  a  formal  frequency  anal¬ 
ysis  would  not  be  meaningful. 

Comparison  of  Various  Configurations:  The  mean  core  value  and  a  band  of  ±  one  stan¬ 
dard  deviation  are  shown  for  each  parameter  in  Figs.  37  and  38  for  Runs  430  and  1513, 
respectively.  In  Fig.  39,  pressure  and  heat  flux  data  for  all  runs  are  shown  so  that  repeatability 
can  be  assessed.  Fluctuations  (quantified  as  a  standard  deviation)  are  shown  in  Fig.  39  as  a  per¬ 
cent  of  the  mean  value  of  the  parameter  for  the  measured  quantities  pitot  pressure,  Po’,  and  heat 
transfer,  Q.  The  lines  drawn  through  the  heat  flux  data  represent  the  average  of  the  forward  and 
reverse  sweeps.  It  is  noteworthy  that  the  pressure  fluctuations  are  consistently  lower  for  the  multi¬ 
arc  configuration  than  for  the  single-arc  configuration.  Heat-transfer  fluctuations  are  about  the 
same;  the  fluctuations  for  the  multi-arc  configuration  are  no  worse  than  for  the  single  arc. 

Velocity  fluctuations  are  shown  in  Fig.  40  for  all  runs.  Also  shown  are  the  turbulence  levels 
required  to  produce  the  inferred  enhancements  from  Fig.  35c,  according  to  the  Wassel  and 
Denny  theory.  It  should  be  cautioned  that  these  two  quantities  are  not  defined  in  exactly  the  same 
way;  hence,  the  magnitudes  may  not  be  directly  comparable.  Nevertheless,  it  is  noted  that  for  the 
single-arc  runs  (429  -  432)  the  velocity  fluctuations  and  the  Wassel  and  Denny  turbulence  agree 
quite  well.  This  is  also  true  for  the  multi-arc  design  point.  Run  1513.  It  is  also  noteworthy  that 
the  levels  for  the  multi-arc  Run  1513  are  significantly  lower  than  the  single-arc  levels.  This  indi¬ 
cates  a  quieter,  less  turbulent  flow  with  less  heat-transfer  enhancement. 

Heater  Fluctuations  Propagated  to  the  Flow  Field:  The  effects  of  individual  arc  heater 
and  total  voltage  fluctuations  on  stagnation-point  heat  flux  and  pitot  pressure  measurements  at 
the  nozzle  exit  were  investigated.  A  lack  of  coupling  between  the  voltages  and  flow-field  mea¬ 
surements  in  the  multi-arc  configuration  indicates  that  the  mixing  plenum  is  providing  adequate 
damping  of  flow-field  fluctuations.  Direct  comparison  of  the  stagnation-point  heat  flux  with  arc 
heater  voltage  fluctuations  requires  a  knowledge  of  the  dwell  time  of  a  slug  of  air  from  the 
moment  it  is  heated  by  the  arc  to  the  time  it  is  sensed  and  processed  by  the  heat  flux  probe/ana¬ 
log  processor.  The  local  velocities  within  the  heater,  manifold,  pressure  ring,  and  nozzle  were 
determined  from  the  respective  geometries  and  heater  conditions  for  Run  1513,  and  are  presented 
in  Fig.  41.  The  dwell  time  for  a  slug  of  air  to  transverse  half  the  length  of  a  heater,  through  the 
manifold,  pressure  ring,  and  nozzle  to  the  probe  (supersonic  portion  is  assumed  negligible)  is 
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approximately  0.007  sec.  The  response  times  for  the  null-point  calorimeter  and  analog  processor 
add  an  additional  0.004  sec  for  a  total  lag  time  of  0.01 1  sec.  A  slug  of  air  traveling  the  full  length 
of  the  heater  will  require  an  additional  0.003  sec,  while  a  slug  just  leaving  the  heater  will  require 
0.003  sec  less.  Therefore,  the  heat  flux  given  by  the  calorimeter  will  lag  behind  the  heater  volt¬ 
age  by  0.008-0.014  sec  (i.e.,  the  effect  of  an  instantaneous  voltage  fluctuation  on  a  slug  of  air 
within  a  given  heater  will  not  be  detected  in  the  heat  flux  until  0.008-0.014  sec  later). 

Figure  42  presents  a  comparison  of  individual  and  overall  average  voltages  with  heat  flux 
for  the  forward  sweep  of  Run  1513.  The  average  lag  time  of  0.11  sec  was  used  to  adjust  the  time 
scales  to  make  them  consistent.  If  one  assumes  that  an  individual  arc  heater  flow  is  restrained 
from  mixing  with  the  other  heater  flows  and  occupies  a  given  quadrant,  then  voltage  fluctuations 
for  a  given  heater  may  be  detected  in  the  heat  flux  data  as  the  probe  sweeps  through  the  appropri¬ 
ate  quadrant.  Assuming  further  that  the  overall  flow  through  the  nozzle  does  not  rotate,  then  the 
forward  sweep  would  first  pass  through  the  discharge  from  heater  2  and  then  heater  4.  As  seen  in 
Figs.  42b  and  d,  only  a  few  heat  flux  points  tend  to  follow  the  heater  2  and  heater  4  voltage 
trends,  respectively.  The  above  assumption  (sweep  through  heater  4,  then  heater  2  discharge)  did 
not  appear  to  hold  in  reverse  sweep,  either.  Since  the  swirl  in  opposite  heaters  is  in  the  opposite 
direction,  all  rotations  should  cancel  if  the  flows  mix,  or  remain  local  rotations  if  not  mixed.  If, 
however,  we  assume  that  the  overall  flow  has  a  steady  rotation,  then  the  probe  sweeps  should 
show  a  trend  toward  a  given  flow  orientation  (i.e.,  if  the  heat  flux  trends  follow  the  voltage 
trends  for  heater  1  for  the  first  half  of  the  forward  sweep  and  heater  3  for  the  last  half  of  the  for¬ 
ward  sweep,  then  the  heat  flux  trends  should  follow  the  voltage  trends  for  heater  3  for  the  first 
half  of  the  reverse  sweep  and  heater  1  for  the  last  half  of  the  reverse  sweep).  No  coupling  of  this 
nature  for  any  flow  orientation  was  observed.  If  we  now  assume  the  heater  flows  are  well  mixed, 
it  may  still  be  possible  to  identify  a  coupling  of  the  heat  flux  with  the  average  voltage  of  all  the 
heaters;  however,  as  seen  in  Fig.  43,  such  a  coupling  does  not  appear  to  exist  for  the  forward 
sweep,  nor  was  it  evident  for  the  reverse  sweep.  The  magnitude  of  fluctuations  for  the  average 
voltage  of  the  four  heaters  was  smaller  than  the  fluctuations  in  the  individual  arc  voltages,  indi¬ 
cating  some  cancellation. 

A  similar  analysis  can  be  performed  to  identify  any  coupling  between  the  arc  heater  volt¬ 
ages  and  chamber,  manifold,  and  pitot  pressures.  In  several  runs,  including  Run  1513,  the  pitot 
pressure  exhibits  1,100-  to  1,400-Hz  ringing,  possibly  due  to  an  acoustic  phenomenon  within  the 
probe  cavity.  Since  the  ringing  is  not  attributed  to  characteristics  in  the  flow  field,  it  is  desirable 
to  remove  the  oscillations  from  the  pressure  data  prior  to  comparison  to  the  voltage  data.  Fast 
Fourier  transforms  were  applied  to  the  pitot  pressure  data  to  verify  the  magnitude  and  level  of  the 
oscillations,  an  example  of  which  is  shown  in  Fig.  44.  Application  of  a  low-pass  Butterworth  fil¬ 
ter  tailored  to  remove  oscillations  greater  than  1,000  Hz  removed  the  ringing,  but  left  lower- 
frequency  response  in  the  data.  Figure  45  shows  the  improvement  of  the  filtered  pressure  data 
over  the  original  unfiltered  data  for  the  first  pitot  probe  in  the  forward  sweep  on  Run  1513. 

Because  of  the  short  length  of  the  passage  between  the  pitot  pressure  port  and  the  Kistler® 
piezoelectric  transducers  within  the  pitot  probe,  only  a  slight  lag  time  exists  between  the  pitot 
pressure  response  and  the  arc  heater  voltages.  A  conservative  estimate  is  that  the  lag  time  is  less 
than  0.001  sec,  an  order  of  magnitude  less  than  the  lag  time  between  the  heat  flux  and  the  volt- 
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age.  Figure  46  presents  the  forward  sweep  no.  1  pitot  probe  response,  along  with  the  voltages 
from  each  of  the  four  arc  heaters.  In  addition,  a  comparison  between  pitot  pressure  and  an  overall 
average  voltage  of  the  four  heaters  is  shown  in  Fig.  46e.  Following  the  previous  logic  used  in 
analyzing  the  heat  flux  data  concerning  arc  heater  flow  quadrants,  there  does  not  appear  to  be 
any  coupling  between  the  pitot  pressure  response  and  the  arc  heater  voltages.  Similar  results  are 
observed  with  the  no.  2  pitot  pressure  and  the  results  from  both  probes  in  the  reverse  sweep.  Fig¬ 
ure  46  also  includes  the  respective  chamber  pressure  for  each  arc  heater;  however,  the  long  lead 
tubing  and  slow  response  of  the  Druck.®  transducers  used  in  the  measurement  of  the  chamber 
pressures  and  the  static  pressure  at  the  inlet  to  the  nozzle  prevented  observation  of  any  oscillation. 

6.2.3  JP-200  Mixing  Efficiency 

The  JP-200  multi-arc  configuration  was  operated  at  several  off-design  conditions  in  order  to 
assess  the  flow-field  behavior  at  these  conditions,  and  to  get  some  insight  into  the  mixing  effi¬ 
ciency.  The  off-design  conditions  may  be  summarized  as: 

a.  Run  1509:  heaters  1, 3,  4  hot,  heater  2  cold 

b.  Run  1512:  heaters  1,  3  hot,  heaters  2,  4  cold 

c.  Run  1515:  heaters  1,  3  hot,  heaters  2,  4  inactive 

d.  Run  1517:  heaters  1,  3  hot,  heaters  2,  4  removed 

The  probes  were  swept  in  the  plane  of  the  off-design  heaters  so  that  the  effects  could  be 
readily  observed.  The  heat  flux  profile  for  Run  1509  (heater  2  cold)  is  shown  in  Fig.  47.  The 
effect  of  the  one  cold  heater  is  clearly  evident  in  the  reduced  heat  transfer  in  the  quadrant  where 
that  heater  is  located.  This  is  supported  by  the  video  for  that  run  which  shows  a  significantly  less 
luminous  flow  on  the  side  of  the  plume  nearest  the  cold  heater.  When  compared  to  the  control. 
Run  1513,  (see  Fig.  38b)  the  average  heat  flux  is  lower.  When  there  are  two  cold  heaters  in  the 
probe  sweep  plane.  Run  1512,  the  heat-transfer  level  is  significantly  lower,  as  shown  in  Fig.  48. 
Both  Runs  1509  and  1512  show  positive  enthalpy  enhancements.  Fig.  35,  which  is  .somewhat  sur¬ 
prising,  considering  that  the  probes  were  swept  in  the  plane  where  the  cold  air  was  dominant.  A 
plausible  explanation  is  that  the  hot  and  cold  streams  have  different  velocities  leading  to  shear 
layers,  greater  turbulence  generation,  and  enhanced  heat  transfer. 

7.0  CONCLUSIONS 

AEDC  does  not  plan  to  procure  an  arc  heater  manifold  at  this  time.  The  requirement  to 
obtain  a  large  arc  heater  capability  does  not  exist  now.  The  arc  heater  manifold  evaluation  test 
was  very  productive,  providing  AEDC  with  important  data  to  make  an  informed  decision  about 
manifold  options  if  the  opportunity  to  build  a  large  arc-heated  facility  arises  in  the  future.  This 
test  showed  that  manifolding  arc  heaters  is  a  viable  option  to  obtain  a  large  arc  heater  capability. 
However,  this  test  did  not  provide  all  of  the  information  upon  which  a  final  decision  to  pursue 
the  development  of  a  multi-arc  or  single-arc  system  will  be  based.  Further  studies  will  be 
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required  to  make  an  informed  decision  between  a  multi-arc  or  single-arc  system.  The  decision 
will  be  based  on  such  factors  as  application-specific  needs,  development  time  requirements, 
financial  constraints,  available  technology,  etc. 

The  Aerospatiale  personnel  were  very  professional  and  extremely  cooperative,  providing 
AEDC  with  additional  data  and  repeating  a  run  at  AEDC’s  request  for  which  the  data  were  in 
question.  The  Aerospatiale  personnel  also  shared  valuable  information  about  their  facilities  and 
operation. 

Based  on  the  results  and  analysis  of  data  from  the  Arc  Heater  Manifold  Evaluation  test  per¬ 
formed  at  the  Aerospatiale  Plasma  Laboratory  Facilities  in  Saint-Medard-en-Jalles,  France,  the 
following  conclusions  were  reached: 

1 .  Facility  operation  and  maintenance  is  more  complex  with  a  multi-arc  system  than  with 
a  single-arc  heater. 

2.  Operational  reliability  of  the  JP-200  Huels-type  multi-arc  heater  system  appears  to  be 
very  good. 

3.  The  flow  field,  centerline  heat  flux  was  lower  for  the  multi-arc  facility  than  for  the  sin¬ 
gle-arc  facility.  The  single-arc  heater  flow-field  heat  flux  was  approximately  60  to  65 
MW/m^  while  the  heat  flux  from  the  multi-arc  facility  was  lower  at  approximately  40 
to  44  MW/m^.  The  reduction  in  heat  flux  is  attributed  to  the  manifold  system,  which 
dampens  the  free-stream  turbulence  and  reduces  the  heat  flux.  The  manifold  also  con¬ 
tributes  to  the  lower  heat  flux  by  lowering  the  enthalpy  (see  conclusion  4). 

4.  A  reduction  in  enthalpy  of  approximately  7  percent  was  attributed  to  additional  wall 
losses  in  the  manifold  (see  Section  5.2). 

5.  Profile  shapes  for  the  multi-arc  were  flat,  but  only  slightly  more  so  than  for  the  single 
heater.  The  single-arc  profiles  were  flatter  than  expected,  presumably  because  of  the 
short  but  large-diameter  pressure  section  upstream  of  the  nozzle. 

6.  Fluctuations  in  the  flow  (as  measured  by  standard  deviation)  were  slightly  better  for  the 
multi-arc  configuration  flow,  primarily  because  of  smaller  fluctuations  in  the  pressure 
(1.8  percent  for  the  multi-arc  configuration  versus  2.2  percent  for  the  single-arc).  Heat 
flux  fluctuations  for  the  multi-arc  (7.7  percent)  were  nearly  the  same  as  for  the  single 
arc  (7.8  percent). 

7.  There  is  no  evidence  that  individual  heater  fluctuations  propagating  through  the  mani¬ 
fold  can  be  correlated  with  probe  measurements  in  the  effluent. 

8.  When  one  of  the  heaters  flowed  cold  air,  a  significantly  lower  probe  heat-transfer  rate 
resulted  in  the  corresponding  quadrant.  This  indicates  that  complete  mixing  does  not 
occur  in  the  mixing  chamber. 
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9.  When  two  arc  heaters  were  inactive,  the  time  required  to  pressurize  the  heaters  was 
slower,  and  an  acoustic  resonance  was  present. 

10.  With  two  arc  heaters  inactive  or  removed,  the  reduction  in  enthalpy  attributed  to  the 
manifold  increased  to  10  - 12  percent. 

11.  Maximum  deviation  of  individual  arc  heater  conditions  from  the  average  value  for  all 
heaters  on  all  runs  was  3  percent  for  chamber  pressure  and  5.6  percent  for  reduced 
enthalpy. 


REFERENCES 

1.  “USAF  Nozzles  -  Profiles  Definition  and  Wall  Heat  Flux  Evaluations.”  Aerospatiale  Inter¬ 
nal  Report  Number  NT  30660/TA/PA/NC,  March  9,  1994. 

2.  “USAF  -  Test  Results  on  the  HP  Arc  Heater.”  Aerospatiale  Internal  Report  Number  NT 
31203  STB/L.AQ,  July  20,  1994. 

3.  “USAF  Test  Campaigne  -  High  Pressure  Arc  Heater,  Measurement  Lines  -  Definitions  and 
Accuracy.”  Aerospatiale  Internal  Report  Number  NT  31521/STB/L-AQ,  November  2,  1994. 

4.  “USAF  Test  Campaigne  -  JP200  Arc  Heater,  Measurement  Lines  -  Definition  and  Accu¬ 
racy.”  Aerospatiale  Internal  Report  Number  NT  31520/STB/L-AQ,  November  2,  1994. 

5.  “USAF  -  Test  Results  on  the  JP200  Arc  Heater,  Tome  (Volume)  1  of  3.”  Aerospatiale  Inter¬ 
nal  Report  Number  NT  31562-STB/L.AQ,  November  10,  1994. 

6.  “USAF  -  Test  Results  on  the  JP200  Arc  Heater,  Tome  (Volume)  2  of  3.”  Aerospatiale  Inter¬ 
nal  Report  Number  NT  31562-STB/L.AQ,  November  10,  1994. 

7.  “USAF  -  Test  Results  on  the  JP200  Arc  Heater,  Tome  (Volume)  3  of  3.”  Aerospatiale  Inter¬ 
nal  Report  Number  NT  31562-STB/L.AQ,  November  10,  1994. 

8.  Fay,  J.  A.  and  Riddell,  F.  R  “Theory  of  Stagnation  Point  Heat  Transfer  in  Dissociated  Air.” 
Journal  of  the  Aerospace  Sciences,  Vol.  25,  No.73,  February  1958. 

9.  Wassel,  A.  T.  and  Denny,  V.  E.  “Heat  Transfer  to  Axisymmetric  Bodies  in  Super  and  Hyper¬ 
sonic  Turbulent  Streams."  Journal  of  Spacecraft  and  Rockets,  Vol.  14,  April  1977,  pp.  212- 
218. 


28 


AEDC-TR-95-28 


Figure  1.  HP  arc  heater  facility. 
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6  Coil  Rings 
Each  Ring  Consists  of: 

2  -  Axial  Spirals 
20  -  Radial  Spirals 

Figure  3.  HP  and  JP-200  magnetic  coil  design. 
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450  mm 


Figure  4.  HP  and  JP-200  magnetic  coil  axial  location. 


Upstream 

Electrode 


Note:  The  air  swirls 

clockwise  looking 
downstream. 


Air  Injection  Chamber 


Figure  5.  HP  air  injector  locations  and  diameters. 


Pressure  Tap 


Figure  6.  Details  of  the  nozzle  -  pressure  ring  -  cathode  interfaces. 
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Figure  9.  Heat  flux  probe. 
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Figure  10.  Schematic  of  HP  cooling  water  system. 
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Figure  11.  JP-200  arc  heater  facility. 
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a.  Heater  locations 


Sweep  Sweep 

b.  Probe  sweep  directions 
Figure  12.  JP-200  heater  locations. 
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Air  Injection  Chamber 


40 


Figure  15.  Assembly  view  of  arc  heater,  manifold,  pressure  ring,  and  nozzle. 
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a.  Side  view-showing  nozzle  tube 
Figure  18.  Manifold  liner  dimensions. 
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b.  Front  view-showing  the  four  arc  heater  tubes 
Figure  18.  Continued. 
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c.  Front  view-showing  external  dimensions  of  the  arc  heater  tubes 
Figure  18.  Concluded. 
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Supply 

Tank 


Return 

Tank 


Figure  19.  JP-200  Water  cooling  system  for  Runs  1506  and  1507 


Figure  20.  JP-200  Cooling  water  system  for  Runs  1508  through  1517. 


420  Bar 


Pressure  Air  Regulator 


Figure  21.  JP-200  high-pressure  air  system. 


AEDC-TR-95-28 


AEDC-TR-95-28 


b.  JP-200  arc  heater  (all  four  identical) 
Figure  22.  Heater  geometry  comparison. 
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Figure  23.  Individual  arc  heater  performance  at  cathode  exit. 
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Manifold  Loss  Relative  to  Total  Loss,  percent 
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H/RT,,  Aerodynamic  Enthalpy 

Figure  24.  JP-200  manifold  thermal  loss  relative  to  the  total  loss. 
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Figure  25.  JP-200  manifold  thermal  loss  relative  to  the  power  in  the  gas  entering  the  manifold. 
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Reduction  in  Enthalpy  Attributed  to  Manifold  (and  other  hardware),  percent 
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Figure  26.  JP-200  percent  reduction  in  enthalpy  attributed  to  the  manifold  (and  other 
related  hardware). 
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20  40  60  80  100 

H/RT^,  Aerodynamic  Enthalpy 

Figure  27.  Nozzle  thermal  loss  relative  to  the  total  loss. 


Nozzle  Loss  Relative  to  Power  in  Gas  Entering  Nozzle,  percent 
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Figure  28.  Nozzle  thermal  loss  relative  to  the  power  in  the  gas  entering  the  nozzle. 
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Pitot  Pressure,  bar 
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Pressure  Probe  2,  Reverse  Sweep 


0 

-40  -30  -20  -10  0  10  20 


Probe  Position,  mm 

Figure  30.  Pitot  pressure  probe  data  for  HP  Run  430. 
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Heat  Flux  Probe,  Reverse  Sweep 
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Calorimeter  Heat  Flux,  MW/m 
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CN 


Heat  Flux  Probe,  Forward  Sweep 


Figure  33.  Heat  flux  probe  data  for  JP-200  Run  1513. 
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Pitot  Pressure,  Po',  atm 
Heat  Flux,  Q,  MW/m" 
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a.  Run  HP430,  reverse  sweep 
Figure  34.  Typical  pressure  and  heat  flux  profiles 


Pitot  Pressure,  Po',  atm 
Heat  Flux.  Q,  MW/m^ 
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b.  Run  JP  1513,  forward  sweep 
Figure  34.  Concluded. 
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a.  Hemisphere:  (dUe/U^)  /  (d  s/Rn)  =  0.64 


b.  Flattened  hemisphere:  (dUe/U^)  /  (d  s/Rn)  =  0.46 
Figure  36.  The  effect  of  a  flattened  nose  on  stagnation  point  heat  transfer. 
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e.  Inferred  enthalpy 
Figure  37.  Concluded. 
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20  30  40 


Radial  Position,  mm 


e.  Inferred  enthalpy 
Figure  38.  Concluded. 
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O  Heat  Flux  Fluctuations,  gQJQ 
•  Pressure  Fluctuations,  oPo/Po 


Run  Number,  Forward  (Left)  and  Reverse  (Right)  Sweeps 

Figure  39.  Standard  deviation  expressed  as  a  fraction  of  the  parameter;  pressure,  oPo'/Po', 
and  heat  flux,  aQ/Q. 
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standard  Deviation,  Velocity  [a/Mean  Value] 
Implied  Turbulence  (Wassel  &  Denny) 


AEDC-TR-95-28 


o  CJV/V 

•  Implied  Turbulence  (Wassel  &  Denny,  Ref.  9) 


Run  Number,  Forward  (Left)  and  Reverse  (Right)  Sweeps 

Figure  40.  Velocity  fluctuations  (standard  deviation)  compared  with  the  implied  turbulence 
based  on  the  measured  enthalpy  enhancement. 
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Velocity,  ft/sec 
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Run  1513 

if,.  =  440  gm/sec  =  0.97  Ibm/sec 
p*^  =  60.5  bar  =  60  atm 

H  -  2.800  Btu/lbm  Single-Arc 

To  =  4,300  K  Heater  Flow 


2,000 


■< 


Arc  Heater 


1.0  1.5  2.0 

L.ft 

Figure  41.  Velocity  profile  in  the  multi-arc  coi 
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qdot  X  100,MW/m2  or  Arc  Voltage, 


b.  Run  1513,  forward  sweep,  Varc  2  fluctuations 
Figure  42.  Continued. 


qdot 


c.  Run  1513,  forward  sweep,  Varc  3  fluctuations 
Figure  42.  Continued. 
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Pressure 


800  1,200  1.600  2,000  2,400 

Hz 

Figure  44.  Fast  fourier  transform  of  pitot  pressure  data. 


Run  1513,  forward  sweep,  Po'  1 


Pressure,  bar;  Voltage, 
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_10  L  Time,  sec 

b.  Run  1513,  forward  sweep,  Varc  2 
Figure  46.  Continued. 
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e.  Run  1513,  forward  sweep,  average  of  4  heaters 
Figure  46.  Concluded. 
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Heat  Flux,  Q,  MW/m 
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Radial  Position,  mm 

Figure  47.  Heat  flux  profile,  Run  1509,  forward  sweep;  heaters  1,3,4  hot,  heater  2  cold. 
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PARAMETER 
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PARAMETER 


Uarc  1to2 

Dare  4 

larc  Ito  4 

P1 1  to  4 


HEATER  ACQUISITION 


SLOW  SPEED  FAST  SPEED 


Water  Flow 


P  Pitot  1  to  2 


Heat  Flux 


P  Pitot  (x2) 
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Table  3.  Surface  Area  of  HP  and  JP-200  Arc  Heater  Facilities  Exposed  to  Hot  Gas 

HP  (Swirl  Chamber  Surface  Area  Not  Included,  Since  Cooling  Losses  are  Minimal) 
Anode  =  706.86  cm^ 

Cathode  (including  pressure  station)  =  827.17  cm^ 

Nozzle  (upstream  of  the  throat)  =  98.46  cm^ 

Ratio  of  Nozzle  Surface  Area  to  Total  Area  =  0.0603 


JP-200  (Swirl  Chamber  Surface  Area  Not  Included,  Since  Cooling  Losses  are  Minimal) 
4  Anodes  =  3588.96  cm^ 

4  Cathodes  =  2858.84  cm^ 

Manifold  =  648.92  cm^ 

Nozzle  (upstream  of  the  throat,  including  pressure  station)  =  127.1 1  cm 
Ratio  of  Nozzle  of  Surface  Area  to  Total  Area  =  0.0176 


Table  4.  HP  and  JP-200  Run  Matrix 


Date 

Run 

Number 

Run  Time, 

sec 

Number  of 
Heaters 
Energized 

Throat 

Area, 

b 

cm“ 

Heater 

Air 

Flow, 

gm/sec 

Cold 

Air 

Flow, 

gm/sec 

Reduced 

Enthalpy, 

H/RT 

Configuration 

6-2-94 

HP 

429 

29 

1 

1.25 

■1 

■■ 

Single  Heater 

6-3-94 

1 

1.25 

Single  Heater 

6-6-94 

431 

1 

1.25 

BSI 

Single  Heater 

6-6-94 

432 

1 

1.25 

HI 

Single  Heater 

10-4-94 

!■ 

12.4 

4 

■ 

4  Heaters  Hot 

10-5-94 

■■ 

35 

4 

... 

HI 

4  Heaters  Hot 

15 

3 

3x440 

■H 

Cold  Air  Heater  2 

35 

3 

3x440 

HI 

Cold  Air  Heater  2 

27 

Cold  Air  Heaters  2  &  4 

IQIQI 

2x440 

27 

Cold  Air  Heaters  2  &  4 

5.0 

2x440 

27 

Cold  Air  Heaters  2  &  4 

HBH 

... 

74 

4  Heaters  Hot 

10-13-94 

1514 

15 

2 

2x440 

— 

74 

Heaters  2  &  4  Inactive 

10-14-94 

1515* 

40 

2 

2x440 

... 

74 

Heaters  2  &  4  Inactive 

1516 

14.9 

2 

2.5 

2x440 

— 

HI 

Heaters  2  &  4  Removed 

10-19-94 

1517* 

40 

2 

2.5 

2x440 

1™ 

*  Matrix  Runs 


Note:  All  runs  to  be  performed  at  a  nominal  chamber  pressure  of  60  bar. 
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Table  5.  Anode  Arc  Attachment  Locations 


Heater  Number 

a,  mm 

b,  mm 

Heater  1 

195 

145 

Heater  2 

210 

160 

Heater  3 

195 

140 

Heater  4 

185 

130 

HP  Heater 

200 

160 

a 


Table  6.  Electrode  Mass  Loss 


Electrode 

Diameter, 

mm 

Electrode 
Total  Run 
Time,  sec 

Total  Mass 

Loss,  gm 

Mass  Loss 

Rate,  gm/hr 

Mass  Loss  Ratio 

Cu  to  Air,  ppm 

JP-200,  HEATER  1 

68 

68 

621 

391 

Upstream  (Anode) 
Downstream  (Cathode) 

35 

89 

813 

512 

HP 

50 

61 

1,144 

722 

Upstream  (Anode) 
Downstream  (Cathode) 

35 

H 

59 

1,106 

698 
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Table  7.  Analysis  of  Individual  Arc  Heater  Performance  (at  end  of  cathode) 


Run 

No. 

Heater 

No. 

P.I., 

bar 

m . 

gm/sec 

I, 

amp 

V, 

volts 

Power, 

kw 

Loss, 

kw 

H/ 

RTo 

Efficiency, 

percent 

Percent  Dev.  From  Mean 
Value,  Each  Run 

m 

PWR 

H/RTo 

EFF 

■EHIM 

HP 

msfwm 

440 

1079 

4747 

5122 

Qjjjgig 

82.48 

- 

- 

- 

- 

(22  to  29  sec) 

431  1  HP  1  61.9”  1  440  \  1074  |  4794  |  5148  |  2400  |  83.32  |  5338  |  =  |  ^  | 

(22  to  29  sec) 

JP200 

■m 

1507 

1 

61.39 

444.5 

1080 

4572 

4938 

2223.5 

81.56 

54.97 

■Ilia 

moi 

-1.6 

2 

61.48 

445.8 

4675 

5199 

2338.5 

85.49 

55.02 

-1.5 

3 

61.40 

439.3 

1078 

4593 

4951 

2154.5 

84.85 

56.48 

Bim 

1.6 

1.1 

4 

61.79 

439.0 

1073 

4414 

2031.5 

82.24 

BSI 

KSJI 

-1.5 

mm 

(30  to  36  sec) 

Run  Total 

19824 

Run  Average 

442.2 

1086 

4564 

4956 

2187 

55.87* 

1513 

1 

60.3 1 

1078 

4425 

4770 

2069.1 

81.85 

56.62 

mm 

ms 

0.6 

2 

E£Uyi 

1087 

2332.3 

55.30 

Ufl 

■mi 

mm 

-1.7 

i 

60.54 

438.8 

1078 

4425 

4770 

2077.2 

81.94 

E!U 

-1.5 

-0.5 

0.3 

4 

440.4 

4275 

4608 

79.49 

56.81 

B2I 

mm 

mam 

1.0 

(31  to  37  sec) 

Run  Total 

19366 

8468.7 

■■■ 

441.7 

4481 

4842 

imm 

f.T*ka 

1509 

1 

442.5 

4860 

2190.5 

■aOTiMi 

54.93 

■B 

4.0 

B2B 

0.2 

3 

59.88 

tSSM 

4400 

4686 

2148.2 

54.16 

■U 

0.3 

-2.5 

-1.2 

4 

■wiai 

Tiiaaa 

1992.7 

U2!iil 

55.45 

msm 

0.2 

1.1 

(30  to  36  sec) 

■|yTTT|TjTnH 

nri^ 

6331.4 

1  Run  Average 

435.0 

1070 

4367 

4673 

21103 

54.84* 

1512 

1 

58.49 

429.1 

1077 

4230 

4556 

2021.2 

79.02 

55.64 

BEl 

1.0 

3 

445.9 

1069 

4320 

4618 

2037.6 

77.49 

55.88 

MM 

0.7 

-1.0 

0.2 

(36.42  sec) 

Run  Total 

9174 

4058.8 

Run  Average 

437.5 

my 

2029.4 

55.7^* 

1515 

1 

58.60 

440.5 

1081 

4375 

4729 

2059.1 

Kiifiiil 

56.46 

mi 

-0.3 

0.1 

3 

58.70 

438.0 

1069 

4450 

4757 

2078.0 

81.68 

5632 

mi 

0.3 

0.4 

IHDI 

(31  to  37  sec) 

Run  Total 

878.5 

imsQi 

Run  Average 

58.65 

4393 

1075 

4413 

4743 

2068.6 

81.33* 

56.39* 

1517 

1 

59.1 

442.1 

1076 

4475 

4815 

2088.7 

82.32 

56.62 

0.3 

1.2 

1.4 

0.6 

3 

5&.^l 

■Barai 

1069 

4704 

2069.9 

80.10 

56.00 

IBS 

-1.2 

-1.4 

imsB 

(31.to  37  sec) 

Run  Total 

881.7 

_ 

9519 

4158.6 

Run  Average 

59.9 

4438 

4760 

KMfil 

81.21* 

56.31* 

ALL  RUNS 


Heater  Avg 

60.22 

439.8 

1077 

4477 

4824 

2142.4 

81.38 

55.61 

H-High 

61.9 

447.1 

1112 

BiiSiSI 

5218 

2403 

85.97 

57.11 

%  Above  Avg 

2.79 

1.66 

3.25 

7.21 

8.17 

12.16 

5.64 

2.70 

L-Low 

58.42 

420 

1065 

4200 

4473 

1990.1 

76.84 

53.08 

%  Below  Avg 

-2.99 

msisi 

-1.11 

ms£i 

-7.28 

-7.11 

-5.58 

-4.55 

*  Based  on  total  power,  total  loss,  and  total  mass  flow  for  all  arc  heaters  for  that  run. 
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Table  8.  JP200  Manifold  Performance  and  Thermal  Efficiency 


Manifold 

Loss, 

percent 

of 

PWR  to 
Gas 
Before 
Manifold 

H/RTq  Calorimetric 

Enthalpy 
Reduction 
Caused  by 
Manifold 
(and  other 
related 
hardware), 
percent 

Run 

No. 

JP200 

Configuration 
of  Axe  Heaters 

P.  Sat, 
bar 

Manifold 
(and  other 
related 
hardware) 

Manifold 
Loss, 
percent 
of  Total 

PWR  to 
Gas 
Before 
Manifold, 
kw 

Total 

Manifold 
Excluded 
(and  other 
related 
hardware) 

1507 

1,2,  3,  4  Hot 

60.4 

80 

9797 

607.6 

6.2 

11,076 

5.5 

76.00 

80.37 

5.4 

1513 

1,2,  3,  4  Hot 

9685 

781.5 

8.1 

10,897 

7.2 

73.58 

79.20 

7.1 

1509 

I,  3, 4  Hot 

2  Cold 

58.9 

47.5 

7142 

523.5 

7.3 

7688 

6.8 

45.15 

48.28 

6.5 

1512 

1,  3  Hot 

2, 4  Cold 

57.1 

27 

4510 

303.3 

H 

5115 

5.9 

25.92 

27.34 

5.2 

1515 

1,  3  Hot 

2, 4  Inactive 

58.1 

72 

5094 

590.9 

(649.8)* 

11.6 

(12.8)* 

5349 

11.0 

(12.1)* 

67.49 

76.04 

(76.89)* 

11.2 

(12.2)* 

1517 

1,  3  Hot 

2, 4  Removed 

58.7 

73 

5022 

554.6 

(563.2)** 

11.0 

(11.2)** 

5360 

10.3 

(10.5)** 

68.78 

76.77 

(76.90)** 

10.4 

(10.6)** 

Note:  Nominal  condition  for  arc  heaters  operating  hot  for  all  runs:  I  =  1,075  amp  and  mass  flow  =  440  gm/sec 


*  Thermal  losses  from  arc  heaters  2  and  4  included  with  manifold  loss. 
**  Thermal  losses  from  flanges  2  and  4  included  with  manifold  loss. 


Table  9.  Nozzle  Performance  and  Thermal  Efficiency 


Run 

No. 

Configuration 
of  Arc  Heaters 

HP 

P.  Sat, 
bar 

H/RTo 

Aero. 

Thermal  Loss,  kw 

Nozzle 
Loss, 
percent 
of  Total 

PWR  to 
Gas 

Before 

Nozzle, 

kw 

Manifold 

Loss, 

percent 

of 

PWR  to 
Gas 
Before 

Nozzle 

H/RTj,  Calorimetric 

Enthalpy 
Reduction 
Caused  by 
Nozzle, 
percent 

Total 

Nozzle 

Total 

Nozzle 

Loss 

Excluded 

429 

1,446  amp 

65.1 

97 

3591 

248 

6.9 

3236 

90.05 

97.19 

7.3 

430 

1,079  amp 

61.5 

82 

2599 

196 

7.5 

2719 

mm 

76.82 

82.48 

6.9 

431 

1,074  amp 

61.6 

83 

2595 

195 

7.5 

2748 

7.1 

77.69 

83.32 

6.8 

432 

863  amp 

58.7 

73 

2093 

177 

8.5 

2443 

7.2 

69.26 

74.35 

6.8 

1507 

JP200 

1,2,  3, 4  Hot 

60.4 

80 

9797 

441 

■ 

10,468 

■ 

76.00 

79.17 

4.0 

1513 

1,2,  3,  4  Hot 

59.4 

76 

4.5 

10,116 

4.3 

73.58 

76.71 

4.1 

1509 

1,  3,  4  Hot 

2  Cold  Air 

58.9 

47.5 

7142 

284.8 

4.0 

7162 

4.0 

45.15 

46.85 

3.6 

1512 

1,  3  Hot 

2,  4  Cold  Air 

57.1 

27 

4510 

153.5 

im 

4818 

3.2 

25.92 

26.64 

Hi 

58.1 

72 

5094 

307 

6.0 

4699 

6.5 

67.49 

71.93 

6.2 

1517 

1,  3  Hot 

2, 4  Removed 

58.7 

73 

5022 

300 

6.0 

4797 

6.3 

68.78 

73.10 

5.9 

Note:  Nominal  condition  for  arc  heaters  operating  hot  for  all  runs,  except  where  noted:  I  =  1075  amp  (except  HP  Runs  429  and  432) 


and  mass  flow  -  440  gm/sec. 
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Table  10.  Overall  Arc  Heater  Performance  and  Thermal  Loss 


Run 

No. 

Configuration 
of  Arc  Heaters 

HP 

P.  Sat, 
bar 

HmTo 

Aero. 

H/RTq  Calorimetric 

tn 

Total, 

gm/sec 

Total 

Power, 

kw 

Losses,  kw 

Total 

Nozzle 

Loss 

Excluded 

Manifold 

Loss, 

Excluded 

(and 

other 

related 

hard¬ 

ware) 

Nozzle 

and 

Manifold 

Loss 

Excluded 

(and 

other 

related 

hard¬ 

ware) 

Total 

Nozzle 

Manifold 

Other 

Related 

Hard¬ 

ware 

429 

1,446  amp 

65.1 

97 

90.05 

97.19 

... 

... 

441 

6578 

3591 

248 

... 

... 

430 

1,079  amp 

61.5 

82 

76.82 

82.48 

... 

... 

440 

5122 

2599 

196 

... 

... 

431 

1,074  amp 

61.6 

83 

77.69 

83.32 

--- 

... 

440 

5148 

2595 

195 

... 

... 

432 

863  amp 

58.7 

73 

69.26 

74.35 

--- 

... 

441 

4359 

2093 

177 

... 

... 

1507 

JP200 

1,2,  3, 4  Hot 

60.4 

80 

76.00 

79.17 

80.37 

83.53 

1,769 

19,824 

9797 

441 

607.6 

1513 

1,2,  3, 4  Hot 

59.4 

76 

73.58 

76.71 

79.20 

82.33 

1,767 

19,366 

9685 

434.5 

781.5 

... 

1509 

1,  3,  4  Hot 

2  Cold  Air 

45.15 

46.85 

48.28 

49.99 

2,123 

14,019 

7142 

284.8 

523.5 

— 

1512 

1,  3  Hot 

2,  4  Cold  Air 

57.1 

27 

25.92 

26.64 

27.34 

28.07 

2,702 

9174 

4510 

153.5 

303.3 

■  *  - 

1515 

1,  3  Hot 

2, 4  Inactive 

58.1 

72 

67.49 

71.93 

mM 

878.5 

9486 

5094 

307 

590.9 

(58.9) 

1517 

1,  3  Hot 

2,  4  Removed 

58.7 

73 

68.78 

73.10 

76.66 

(76.90) 

81.09 

(81.21) 

881.7 

9519 

5022 

300 

554.6 

(8.6) 

Note:  Nominal  condition  for  arc  heaters  operating  hot:  I  =  1075  amp  (except  HP  Runs  429  and  432)  and  mass  flow  =  440  gm/sec. 
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Appendix  A.  Surface  Area  of  HP  and  JP200  Arc  Heater  Facilities  Exposed  to  Hot  Gas 

HP  (Swirl  Chamber  Surface  Area  Not  Included,  Since  Cooling  Losses  are  Minimal) 

ANODE  As  =  JCDL  =  n{5  cm)  (45  cm)  =  706.86  cm^ 

CATHODE  As  =  rc(3.5)(68.9)  +  ;t(7)(1.2)+ I  {l'^  -  (8.2^  -  7^)  =  827.17  cm^ 

(Incl  Pr.  Sta.)  ^ 


INSIDE  SURFACE  CONTOUR  AREA  TO  THROAT 

NOZZLE  As  =  n  (8.2)  (0.2)+  ^  (3.9)  l+7i  (3.75)  l+tr  (3.4)  I+n  (2.8)  l+7t  (2.0)  1+K  (1.3)  (0.8)=98.46  cm^ 

(Upstr.  of  Throat) 

Ratio  of  Nozzle  Surface  Area  to  Total  Area  =  — >  =  0.0603 

706,86  +  011.1 1  +  98.40 


JP200 

4  ANODES  As  =  4jt  (6.8)  (42)  =  897.24  cm^  x  4  =  3588.96  cm^ 

4  CATHODES  =  4n  (3.5)  (65)  =  714.71  cm^  x  4  =  2858.84  cm^ 

MANIFOLD  Aj  =  AgpHgRg  +  4A^  {^  tubes  ^NOZ  TUBE  ~  141.61  =  648.92  cm^ 

PR.  MEAS.  STA.  NOZZLE  INSIDE  SURFACE  CONTOUR  TO  THROAT 
NOZZLE  Ass  7t(5.8)(3.8)  +  ti  (5.65)  (l)+7t  (4.75)  (1)+Jt  (3.5)  (l)+tr  (2.75)  (l)+7t  (2.53)  (0.7)  =127.11  cm^ 

(Upstr.  of 
Throat,  Incl 
Pr.  Sta.) 


Ratio  of  Nozzle  Surface  Area  to  Total  Area  = 


_ 127.11 _ 

3588.96  +  2858.84  +  648.92+  127.11 


=  0.0176 


NOTE:  Surface  area  of  swirl  chamber(s)  not  included  because  thermal  losses  are  negligible. 
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